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Abstract 
Trace detection of explosives and explosive related compounds is crucial to countering 
terrorism and providing homeland security. There are a variety of technologies for this purpose, 
including ion mobility spectrometry (IMS), mass spectrometry, colourimetric detectors, 
electrochemical sensing, and surface acoustic wave (SAW) devices. However, the best way to detect 
explosives is to use a stand-off detection method. One method of achieving this goal is to use a 
luminescence quenching based system to detect explosive vapours. An example of this type of system 
is FIDO®, a small, lightweight handheld device. FIDO® uses luminescent conjugated polymers but 
the detection materials used are not very selective and can give rise to false positives. More recently 
Arborescent2 Ltd has developed Arbsense, which is similar to FIDO®, but utilises dendrimers as the 
sensing material. Arbsense sensing elements that contain triarylamine units have been shown to have 
good selectivity for nitro-containing explosives and taggants.  
This thesis investigates poly(dendrimer)s and their corresponding monomers, as new 
materials for the detection of trace quantities of explosives.  The poly(dendrimer) structures consist 
of conjugated triphenylamine based chromophores linked together by a non-conjugated backbone. 
The chromophores for these novel compounds are based on the material used in the Arbsense device. 
Such a structural motif combines the versatile processability of polymeric materials as well as an 
alternative route to controlling the packing of the luminescent chromophores and thus reducing 
intermolecular π-π interactions that can cause quenching of the luminescence. Furthermore, the 
poly(dendrimer) can in principle give rise to a less dense film structure, which would facilitate 
diffusion of analytes into the sensing film.  
The synthesis and characterization of the monomers and poly(dendrimer)s is described. The 
chromophores of the materials have variations in conjugation and surface groups to explore the effects 
of varying the chromophore structure on sensing performance. 
Solution-based Stern-Volmer measurements were conducted on the materials to investigate 
the quenching responses to the nitro-aliphatic taggant DMNB and the nitroaromatic analyte DNT. 
The steady-state measurements indicated the over-all quenching response and it was discovered that 
there was a general trend for an increase in the solution quenching response observed (for both 
analytes) when going from the monomer to the poly(dendrimer). Time resolved Stern-Volmer 
measurements allowed for discrimination between dynamic and static components of the quenching 
and revealed that for most materials the predominant quenching mechanism was dynamic. The 
exception to this was the M1/P1 monomer-poly(dendrimer) pair, which had the smallest 
chromophore. 
The materials were cast into thin films and solid state quenching measurements were also 
performed in sub-saturated environments of DMNB and DNT vapours. The solid state measurements 
were not in direct accordance with solution-based measurements, exemplifying that solution-based 
measurements alone are not adequate for assessing the sensing performance of materials in a ‘real-
world’ environment. 
Neutron reflectometry measurements of the poly(dendrimer)s P1-4 with deuterated DNT 
revealed analyte uptake occurred in a uniform manner for all the films. The analyte recovery process 
did not result in a significant change in SLD for P1, P2 and P4 films, suggesting strong interactions 
between the analyte and film material. However, P3 showed partial recovery, indicating that the 
analyte may not bind as strongly to the film and/or the film structure readily accommodates analyte 
diffusion into and out of the film. 
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In this presentation a new class of sensing material, namely luminescent poly(dendrimer)s, 
will be introduced. The poly(dendrimer)s consist of triarylamine-based chromophores (dendrons) 
linked via a non-conjugated polymeric backbone. Such a structural motif combines the versatile 
processability of polymeric materials as well as an alternative route to controlling the packing of the 
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quenching of the luminescence. Furthermore, the poly(dendrimer) can in principle give rise to a less 
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1 Introduction 
1.1 Motivation and Challenges of Explosives Detection 
Trace detection of explosives and explosive related compounds is crucial to countering 
terrorism and providing homeland security. The growing threat of terrorism has instigated research 
towards developing faster, more sensitive, lower cost, safe and portable detection systems. Despite 
many detection systems based on a number of detection technologies being commercially available, 
there are still inadequacies inherent to such systems.1 Each technology has its advantages and 
disadvantages, hence there is no single technology that provides a fix-all solution. It is likely that a 
combination of technologies will provide the best means of detecting explosives. 
There are also different expectations of what the key requirements of a detection technology 
are, depending on the potential users and field of use. For instance, some may consider portability to 
refer to a compact hand-held device that can run on battery power for hours at a time. However, 
portability may also be a term used for equipment that can be transported from one location to another. 
Some spectroscopic methods (e.g., mass spectrometry, infrared spectrometry, terahertz spectrometry, 
Raman spectroscopy)2, 3 are highly selective and sensitive, yet they are typically expensive, 
cumbersome, require calibration and significant user training.1 Such devices are essentially simplified 
versions of analytical laboratory equipment focussed on the identification of a compound of interest. 
Mass spectrometry (MS) is one of the most commonly used means of explosives detection. 
While the detector has the required sensitivity and selectivity, it is large and cumbersome, power 
hungry, and expensive due to the need to operate a high-vacuum. Despite this, numerous attempts 
have been made to miniaturize the equipment required for ambient-pressure MS with a focus being 
on ion mobility spectrometry (IMS).4  
Ion mobility spectrometry (IMS) is a technique for which bench-top and handheld devices 
have been developed. IMS combines the simplicity of ambient pressure operation with the selectivity 
of an ion-based detection method. It works via generating gas-phase species that are ionized in an 
electric field in the presence of an inert gas. These ions are separated on the basis of their mobilities, 
which is a measure of the size-to-charge ratio of an ion. The measurement of a collected current 
versus the “drift-time” of the ion generates peaks which can be compared against a library of 
explosive analytes and taggants. A major draw-back of IMS is that the peaks (signals) generated tend 
to be relatively broad compared to the total drift time, leading to low resolution that can hinder 
selectivity. The currently used radioactive ion sources (63Ni or 241Am) render IMS a less safe option 
for field detection of explosives.4  
An example of an IMS handheld device is the Trace Pro handheld explosives trace detector 
– this device weighs 1.7 kg and has an 8-hour battery life. However, it requires sampling via 
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swabbing as opposed to ambient detection. The MX 908 real time trace detection IMS is a hand-
held device which can detect explosives in the atmosphere. However, it weighs 3.9 kg and only has 
3 hours operation per battery. There also exists hand-held devices that operate via techniques other 
than MS, such as the TruDefender Raman FTIR chemical identifier. It weighs roughly 1.5 kg and 
requires a physical sample of reasonable concentration in contact with the device. Such devices can 
work well for certain samples but may struggle with mixtures and give false responses. 
Another technique that can provide selective and sensitive means of detecting explosives is 
colourimetry, which works via identifying compounds via a change in colour resulting from 
interaction with a chemical reagent. This method utilizes colourimetric arrays, meaning the analyte 
is identified by the response pattern of multiple spatially separated sensing materials on the testing 
medium (e.g., paper). Although efficient and easy-to-use, if the change is not visible to the naked-eye 
then spectroscopic devices need to be used conjunction with the colourimetric sensor. A major 
drawback of this technology is that sensitivity is limited by the fact that a certain fraction of the array 
needs to react before the response is obvious. Colourimetric assays usually do not come as a “vapour 
kit”; samples need to be collected and processed, so the system is not suitable for continuous 
screening.2   
Since World War II, sniffer dogs have been used for the detection of volatile explosive 
vapours due to their keen olfactory senses.5 Research has shown that the canine olfactory system is 
four times larger than that of humans and is highly responsive to trace vapour.6 With adequate 
training, canines can identify and discriminate between different explosives and communicate 
explosives recognition to a handler. As such, canines have been widely used in field tests and 
transportation sites, such as airports, to detect explosives. Although still one of the most effective 
means of explosives detection, canines require time-consuming, costly training and maintenance. 
Sniffer dogs are also susceptible to fatigue, mood changes and illness. Unlike instrumental methods, 
there is no means of calibrating and quantifying measurements, which causes difficulties in measuring 
the performance of canines and explosives detectors.7 Some commercially available detection 
systems, such as FIDO® (discussed in section 1.3), are also able to sensitively and rapidly detect 
explosive vapours.   
  
1.2 Nitro-containing Explosives 
Explosives are reactive substances which contain potential chemical energy that can be 
rapidly released to cause an explosion. The explosive reaction can be initiated by mechanical means, 
exposure to heat, or by a detonating shock.8, 9 Explosives can be classified in terms of the chemical 
nature, as well as their performance and uses. Chemical explosives may consist of a mixture of 
substances or may be compounds which feature molecular groups with explosive properties. Some 
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examples of the latter type of explosive include nitro compounds, nitric ester, nitramines, derivatives 
of chloric and perchloric acids, and azides.9  
A more useful classification system relates to the performance of explosives, which separates 
them into three main groups which are primary explosives, secondary explosives and propellants. 
Primary explosives undergo a rapid transition from burning to detonation when subjected to heat or 
shock and consequently dissociate to initiate a second, more stable explosive. Secondary explosives 
differ from primary explosives in that they are less sensitive to heat and shock and will only detonate 
when subjected to the shock produced by a primary explosive. Unlike primary and secondary 
explosives, propellants do not detonate and cause a loud bang; they deflagrate, meaning the 
combustion reaction is propagated by the liberated heat of the reaction.9, 10 The most commonly used 
explosives are vapour emitting nitro-aliphatic and nitro-aromatic compounds, such as 2,4,6-
trinitrotoluene (TNT), 1,3,5-trinitrobenzene (TNB), 1,3-dinitrobenzene (DNB), nitroglycerin, 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX), and picric acid (Figure 1.1).9  
 
 
Figure 1.1: A selection of explosive analytes and the taggant DMNB. 
 
Another important class of materials for explosives detection is taggants, which are volatile 
chemicals that slowly evaporate into the atmosphere. Such chemicals, although not explosive 
themselves, are incorporated into explosives to make them detectible (the inclusion of taggants in 
explosives is mandatory in some countries). One of the most well-known taggants is 2,3-dimethyl-
2,3-dinitrobutane (DMNB), which is added to most commercially available plastic explosives. 
DMNB has a high vapour pressure (~ 2.4 ppm at room temperature) and hence it allows explosives 
that would otherwise have very low vapour pressures to be detected by trained canines.8 
Explosives that are used for military and commercial applications tend to be mixtures, or 
compositions of the compounds shown in Figure 1.1, hence the ability to reliably detect one of these 
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compounds - for instance TNT, which is widely used in a range of explosive compositions - opens 
the possibility of detecting many explosives compositions. Being able to detect a volatile compound 
in a mixture is particularly useful if the composition contains materials that are not as easily detectible, 
(for example, RDX which has almost no vapor pressure). DNT is another compound which is key in 
real-world explosives detection. This compound is an impurity by-product of TNT synthesis, as well 
as a decomposition product of TNT. However, it has a much higher vapor pressure than TNT (~200 
ppb versus ~10 ppb), so detection of DNT is an established strategy towards detecting TNT-
containing explosives.3 
This study was specifically focused on nitro-containing explosives, which have been and 
continue to be heavily used for industry and military applications. In particular, nitro-containing 
explosives are often found in former war zones, minefields, and munitions from past conflicts. 
Detection technology for nitro-containing explosives is therefore a vital tool in the remediation of 
former war zones.   
 
1.3 Fluorescence-based detection of nitro-containing explosives 
Fluorescence-based detectors can sense trace levels of explosives and taggants, and can be 
incorporated into robust and compact devices, hence they are a promising option for the detection of 
low vapour pressure explosives.11  Such detectors function via oxidative fluorescence quenching. 
When the chromophore (of the fluorescent material) absorbs a photon an exciton is generated, 
meaning an electron is promoted from the ground state to an excited state. The exciton may initially 
lie in one of the higher energy singlet states, depending on the energy of the photon absorbed, but 
will settle to the lowest excited energy state via internal conversion and vibrational relaxation (see 
Figure 1.2). The exciton may then relax radiatively or non-radiatively back to the ground state with 
the process governed by two decay rates, 𝑘𝑅 and 𝑘𝑁𝑅, where 𝑘𝑅 is the radiative decay rate and 𝑘𝑁𝑅 
is the non-radiative decay rate. The luminescence of a material is described by the photoluminescence 
quantum yield (PLQY) which is a ratio of the radiative transition to the total decay rate of the excited 
state (Equation 1.1). Generally, a sensing material should have a sufficient PLQY (>10%) such that 
a high signal to noise can be expected and small changes of the luminescence, on the order of 5%, 
can be reliably detected in real-time.12 
PLQY =  
𝑘𝑅 
𝑘𝑅 + 𝑘𝑁𝑅 
         (1.1) 
In the presence of a quenching material, an alternative (non-radiative) decay pathway (𝑘𝑄) 
becomes available and the material becomes less luminescent with a PLQY that can be expressed 
as12: 
PLQY =  
𝑘𝑅 
𝑘𝑅 + 𝑘𝑁𝑅+ 𝑘𝑄 
         (1.2) 
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Quenching of fluorescence may occur via photoinduced electron transfer (PET), or energy 
transfer. PET is apt to occur in the presence of a high electron affinity analyte (see Figure 1.2), which 
can accept the excited state electron from the sensing material. The electron then decays from the 
analyte LUMO to the sensor HOMO and the energy is dissipated as heat hence the decay is non-
radiative. This process is termed oxidative fluorescence quenching due to the quenching of 
fluorescence via transfer of an electron from sensor material to the analyte. Analytes containing 
strongly electron withdrawing nitro groups are readily reduced, hence they are suitable for detection 
via oxidative fluorescence quenching.12 
 
 
Figure 1.2: Oxidative fluorescence quenching process. When the sensing material is excited in the presence of an 
analyte, photo-induced electron transfer may occur (to the analyte LUMO) as shown in pathway A, followed by 
subsequent non-radiative relaxation. Pathway B shows radiative relaxation of the excited state electron in the absence of 
analyte. 
 
For oxidative fluorescence quenching to occur, the energy level of the analyte LUMO must 
be lower than that of the sensor LUMO. In other words, the overall change in free energy for the 
electron transfer (∆𝐺° ) must be less than zero. An approximation of ∆𝐺°  is given by13: 
∆𝐺° =  𝐸(𝑆+•/𝑆)  −  ∆𝐸0−0  −  𝐸(𝐴−•/𝐴)      (1.3) 
where 𝐸(𝑆+•/𝑆) is the oxidation potential of the sensor, ∆𝐸0−0 is the lowest singlet 0-0 excitation 
energy of the sensor and 𝐸(𝐴−•/𝐴) is the reduction potential of the analyte.  
Quenching may also occur via energy transfer which can be long range via dipole-dipole 
coupling (Förster) or short range via electron exchange (Dexter). Shown in Figure 1.3 are the two 
mechanisms via which non-radiative decay can occur after energy transfer; both Förster (Pathway A) 
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and Dexter (Pathway B) energy transfer result in the same final state in which the excitation has been 
transferred from the sensor to analyte. Nitrated analytes tend to have extremely low PLQY values, 
hence energy transfer would also result in a loss of fluorescence intensity. For energy transfer to occur 
there needs to be overlap of the sensor emission and analyte absorption. Given that many explosive 
analytes absorb only in the UV region, spectral overlap does not occur for most sensor-analyte 
combinations, meaning resonant energy transfer will not be relevant to such systems.11 
 
 
Figure 1.3: Quenching via energy transfer, where pathway A shows Förster resonance energy transfer and 
pathway B shows electron transfer from the sensor ground state to the analyte to give a charge-transfer state that would 
subsequently decay.11 
 
The reversibility and rapidity of the quenching process in the solid state is an important factor 
in designing materials for explosives detection, as it is desirable to have materials that can swiftly 
detect analytes in a reversible manner. It is possible to overcome the problem of slow PL recovery 
through design of the device in which the sensing materials are used.10 Shown in Figure 1.5 is a 
schematic diagram of how such devices work. The sensing material is coated onto a substrate as a 
film, (often dendrimer materials are used for reasons which are discussed in section 1.4.3), over which 
flows an air stream containing analytes of interest. In the absence of analytes in the air flow the 
sensing material luminesces when subject to excitation by the LED. The light emitted from the film 
is passed through an excitation filter (to reduce noise in the response signal) onto the detector. In the 
presence of analytes that interact with the film to oxidatively quench its fluorescence, the detector 
receives a diminished signal. 
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Figure 1.4: Schematic diagram of a simple fluorescence-based sensor, which contains an LED to excite the fluorescent 
detecting material (in this case a dendrimer) on a film positioned beneath an airflow that may contain analyte. Above 
this is a filter, to block out excess excitation light, such that a fluorescence response can be measured by the detector. 
 
An example of a fluorescence-based sensing device is FIDO®, which uses thin films of 
poly(phenylethynylene) (PPE) materials (discussed later) coated inside a capillary tube as the sensing 
element, which is replaced after approximately 8 hours of use. FIDO epitomizes the advantages of a 
fluorescence-based detection system, as it is relatively light-weight, portable and performs real-time 
measurements of explosives in the atmosphere, i.e., explosive vapours. 
The major drawback of PPE and many of the sensing materials is the lack of selectivity. As 
such many sensing materials are unable to distinguish between explosives and are apt to produce false 
positives from airborne contaminants – this can be seen in Figure 1.5 where a PPE-based sensing 
element shows a decrease in PL intensity upon exposure to a series commonly encountered materials 
such as ethanol, caffeine, and an assortment of perfumes. Conversely, the Arbsense device shows a 
quenching response to DNT and pNT, but for compounds such as caffeine, ethanol, shampoo and 
even naphthalene, there is an increase in PL response. 
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Figure 1.5: Fluorescence response of a PPE-based detector (left) and Arbsense (right) to various analytes.14 
 
Arbsense is a technology that also utilizes oxidative fluorescence quenching as a means of 
explosives detection but utilizes a thin solid dendrimer-based film. Although readily processible, 
polymer films are susceptible to batch-to-batch variations, complex film morphology, and 
intermolecular - interactions which cause dense packing and self-quenching of fluorescence via an 
exciton interacting with a ground state molecule to form an excimer. A densely packed structure can 
also inhibit the diffusion of the analyte into and out of the material, hence sensitivity is reduced. One 
possible solution is to incorporate bulky side chains to increase inter-fluorophore distance and provide 
extra volume to the film as in the case of the iptycene-derivatised PPEs. However, even in this case, 
based on studies reported in the literature13, thin fims (~ 10 nm) are still required, somewhat hindering 
sensitivity due to lower levels of luminescence. The Arbsense device is very sensitive as it can detect 
analytes with concentrations of down to the parts per billion level. In addition, the Arbsense sensing 
materials are also highly selective for the desired nitro-based analytes. As the capabilities of 
fluorescence-based detectors for explosives are largely determined by the sensing material the 
development of novel materials is critical to improving the performance of such systems and their 
success. 
 
1.4 Current Materials for Fluorescent Detection 
 There are many different classes of materials that have been developed for explosives 
detection via oxidative fluorescent quenching. Some of the more widely known materials are linear 
conjugated polymers, small molecules and dendrimers.  
1.4.1 Linear Conjugated Polymers 
Linear conjugated polymers fall into two classes namely conjugated organic polymers and 
inorganic polymers. Conjugated organic polymers have been shown to effectively detect explosive 
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analytes, which is in part due to their proposed ability for exciton migration along the conjugated 
polymer backbone (as depicted in Figure 1.6). This is sometimes known as the “molecular wire 
theory” and dates back to the 1970’s when Chiang et al. discovered electrical conductivity in (linearly 
conjugated) polyacetylene polymers that had been doped with halogens.15  
 
 
Figure 1.6: Schematic representation of molecular wire theory.16 
 
Swager et al. were the first to exploit the molecular wire phenomenon as a means of sensing 
analytes via fluorescence quenching with their work on poly(phenylethynylene) (PPE) and 
poly(phenylenevinylene) (PPV) materials. The electron rich conjugated system was designed to 
facilitate exciton migration as well as binding and interaction with electron deficient nitro-containing 
analytes. One of the key features of PPE derivatives is that they typically possess a wide optical gap 
and, hence, the high LUMO energy needed to ensure electron transfer to a broad range of explosive 
analytes.17 
One draw-back of PPEs is their tendency to aggregate in the solid state leading to self-
quenching.13 Shown in Figure 1.7 are two PPE materials (1.2 and 1.3) developed by Swager et al. as 
well as the pentiptycene moiety (1.1). They proposed that the incorporation of bulky iptycene side 
chains into polymer 1.2 prevented self-quenching in the solid state, favoured long-range exciton 
migration along the polymer backbone and gave a more porous film structure, resulting in more 
efficient analyte diffusion. The relative balance of electron density in the -orbitals also gave rise to 
SOMO*/LUMO energy levels that were conducive towards photo-induced electron transfer from the 
sensing material to the electron deficient nitro-containing analytes. (SOMO* stands for singularly 
occupied molecular orbital). Materials 1.2 and 1.3 exhibited a quenching response in the presence of 
TNT and 2,4-DNT vapours, with 1.2 outperforming 1.3. A 2.5 nm film of 1.2 showed quenching 
responses of 100% and 75% for 2,4-DNT and TNT respectively, after a 60 second exposure time. It 
was discovered that the response of these materials to 2,4-DNT and TNT diminished with increasing  
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Figure 1.7: Materials studied by Swager et al. R = C14H29; R1 = C8H17; R2 = C16H33.17 
 
film thickness, which was reasoned to be due to binding of nitroaromatic compounds near the film 
surface thus blocking the pathways for the interior of thicker films. As a consequence, the data 
reported by Swager et al. is typically obtained from very thin films, often on the order of 5-20 nm 
thick.17, 18 It is interesting to note that while 75% emission from a 2.5 nm film is quenched after 60 s 
this is not entirely consistent with the molecular wire model that has been proposed, which should 
result in nearly complete quenching on a faster timescale. Recent studies have indicated that long 
range exciton diffusion is not occurring in these materials and that the magnitude of the fluorescence 
quenching response is primarily determined by the analyte diffusion process.19 
PPVs are also prone to aggregation-induced quenching in the solid state,6 hence similar 
methods have been employed to prevent losses to the PLQY. Shown in Figure 1.8 are three PPVs, 
two of which incorporate bulky phenyl substituents to prevent self-quenching by π-stacking 
interactions. Rapid photoluminescence quenching was observed for thin films of these polymers 
(approximately 2.5 nm) upon exposure to TNT vapour. However, MEH-PPV showed the highest 
quenching efficiency with close to 90% quenching observed after 1000 s of exposure. It was reasoned 
that the stronger fluorescence quenching for the MEH-PPV film was due to strong polar interactions 
between the electron donating MEH-PPV and the electron accepting TNT molecules. The non-polar 
DP10-PPV and BuPA did not exhibit such polar interactions. Another explanation for the superior 
quenching response of MEH-PPV is the relatively planar nature of its conjugated backbone leading 
to more effective exciton migration; DP10-PPV has a slightly twisted backbone and that of BuPA is 
highly twisted.20 
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Figure 1.8: PPVs studied by Hsieh et al.20 
 
Inorganic polymers (such as polymetalloles and polysilanes) are also reported to exhibit the 
amplification effect via the molecular wire effect. 21 These materials associate with explosive analytes 
via a combination of Lewis acid/Lewis base and electron-rich/poor interactions. Polysilanes can 
enable exciton migration along the polymer backbone. This is due to the 𝜎 − 𝜎∗ delocalization along 
Si-Si backbones that confines the conjugated electrons to the backbone of the polymer. 
   
 
Figure 1.9: Poly(3,3,3-trifluoropropylmethylsilane) (PTFPMS) and poly(n-propylmethylsilane) (PPMS).22 
 
Shown in Figure 1.9 are poly(3,3,3-trifluoropropylmethylsilane) PTFPMS and poly(n-
propylmethylsilane) PPMS. PTFPMS has a rigid structure imparted to it via interactions between 
the silicon atom of the backbone and the fluorine atom of the adjacent pendant group. Such a structure 
gives the material a narrower absorption band than many other polysilanes, which have a broad UV 
spectrum due to many segments in the -conjugated system of differing photoexcitation energies. 
The structure of PFTPMS could also be controlled from rod-like to coil-like based on the choice of 
solvent and molecular weight, which has implications in fine-tuning its optical properties/sensing 
ability. The emission from PTFPMS was quenched by picric acid, TNB, DNB, and DNT in solution, 
whereas PPMS showed no change in luminescence in solution upon exposure to the same analytes. 
This was explained by the electron withdrawing CF3 stabilizing the HOMO and LUMO of the 
material. The CF3 groups also impart a slightly positive charge to the Si atoms, which are essentially 
 12 
 
the receptors for interacting with electron deficient nitroaromatic analytes.23 It is interesting how a 
change in a pendant moiety of the polymeric sensing material can cause such drastic changes in 
sensing capabilities between the materials. 
Polymetalloles, which are inorganic derivatives of polypyrrole in which the N atoms are 
replaced by metallic atoms, such as Si and Ge, also exhibit  𝜎 − 𝜎∗ delocalization along the metal-
metal backbone. This property gives rise to emission in the near UV spectral region as well as high 
hole mobility. Polymetalloles are well suited towards explosives detection due to their high PLQY 
and relatively long excited state lifetimes, as well as their helical structures that allow access of the 
analyte to the polymer backbone. A unique polymetalole is silole (silacyclopentadiene), a silicon-
containing ﬁve-membered cyclic diene. This material has a low lying LUMO (relative to 
cyclopentadiene) due to the mixing of the 𝜎∗ of the silylene with the 𝜋∗ of the butadiene in a ﬁxed 
geometry. As such, the low lying LUMO enhances sensitivity of siloles toward nitroaromatics and 
nitrate explosives.21  
 
 
Figure 1.10: Polysiloles synthesized by Trogler et al.24 
 
Shown in Figure 1.10 is a library of polysiloles that were studied by Trogler et al. These 
compounds were tested for fluorescence quenching sensitivity to nitroaromatics such as picric acid, 
nitrobenzene, TNT and DNT. In the presence of TNT, the fluorescence lifetimes (τ) of the 
polymetalloles and metallole silanes were measured and there was no variation in 𝜏0/𝜏, indicating 
that the quenching mechanism was static, i.e., due to long-lived binding of the analyte with the 
chromophore. A comparison of quenching efficiency to a pentiptycene containing PPE revealed that, 
in toluene solution, the polymetalloles and metallole copolymers had 2 to 5 better quenching 
efficiencies than the PPE.24 However, the PPE out-performed Trogler’s materials in the solid state, 
which is of importance when considering these materials for real-world application. These 
observations also highlight the significant differences that can be observed between solution and the 
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solid state and the limitations of using solution-based measurements to infer performance in the solid 
state. This topic will be further discussed in Chapter 4. 
1.4.2 Small Molecules 
Small molecule fluorophores are another class of materials that are potentially suitable for 
explosives detection. Unlike polymers, small molecule ﬂuorophores in solution are quenched in a 
stoichiometric fashion of one analyte per ﬂuorophore. Small molecules also differ from polymers in 
that they are not bound together in a chain, hence they are monodisperse. Given that there is no need 
to control dispersity, small molecules are relatively easy to synthesize.  
Figure 1.11 shows a selection of well-known small molecule fluorophores that have been 
utilized for sensing of nitro-containing explosives and analytes via oxidative fluorescence quenching. 
Listed in Table 1.1 is a selection of small organic molecules studied by McGuffin et al. The parameter 
𝐾𝑆𝑉 is the Stern-Volmer constant, which is a measure of their quenching efficiencies (which is 
discussed further in Chapter 3), in this case by the nitroaromatic analytes nitrobenzene (NB) and 4-
nitrotoluene. As can be seen pyrene, purpurin, malachite green and phenol red demonstrated the 
greatest quenching responses. As a side note, these measurements were collected in methanol 
solution, and while the results can give insight into the quenching responses of the materials, they 
may not be applicable to their use in a real-world sensing device. Such a device would likely use 
films of the materials, so a solid-state quenching response would give more insight into the efficacy 
of the materials as sensors. A common feature of these compounds is their conjugation/aromaticity, 
or in other words, high level of π-electron density.25 
 
 
Figure 1.11: Small molecule organic fluorophores. SM1, pyrene; SM2, purpurin; SM3, malachite green; SM4, phenol 
red. 
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Electron affinity has been one of the key factors in developing sensors for nitroaromatic 
compounds and has led to an array of sensing materials based on compounds such as anthracene, 
carbazole, fluoranthene, and triphenylamine.26 The quenching efficiency of a sensing material by 
electron-withdrawing nitroaromatic analytes benefits from intermolecular electrostatic interactions. 
This is also evident when looking at the response to aliphatic nitro-organics, such as the plastic 
explosive taggant 2,3-dimethyl-2,3-dinitrobutane (DMNB), where there are no aromatic π-π 
interactions. In all cases the quenching efficiency is determined the relative energy orbital energies 
of sensor and analyte and the luminescence lifetime. When the singly occupied molecular orbital 
(SOMO*) of the chromophore is higher than the LUMO of the analyte, there is a thermodynamically 
favourable intermolecular electron transfer to give a charge transfer state, which subsequently returns 
to the ground state via a non-radiative process.6, 27, 28 
 
Table 1.1: Quenching constants (𝐾𝑆𝑉) for fluorophores with nitrobenzene and 4-nitrotoluene in 
methanol at room temperature.25 
 nitrobenzene 4-nitrotoluene 
Pyrene 315 ± 8 297 ± 5 
4-Hydroxycouramin 4.4 ± 0.6 6.3 ± 0.3 
4-Bromomethyl-7-methoxycoumarin 39 ± 2 43 ± 4 
7-Diethylamino-4-methylcoumarin 38 ± 3 40 ± 1 
Purpurin 143 ± 6 140 ± 3 
Acridine Orange 30 ± 7 40 ± 1 
Methylene Blue 1 ± 2 3.3 ± 0.1 
Malachite Green 48 ± 1 53 ± 6 
Phenol Red 79 ± 2 100 ± 13 
Rhodamine 6G 21 ± 7 16.1 ± 0.8 
Fluorescein 20 ± 10 32 ± 3 
 
Although small molecule fluorophores have features that make them useful for sensing 
applications, their main drawback is a lack of processability. In the solid state, these materials tend to 
form aggregates that lead to self-quenching, and unlike the glassy amorphous films that polymers 
produce, thin films of small molecules tend to be crystalline and non-homogenous. Attempts to 
overcome this have involved doping small molecules into nanofiber matrices to harness the sensing 
capabilities of the small molecule alongside the physical properties imparted by the matrix. Another 
approach to overcome problems of small molecules in the solid state, is to treat them as scaffolds on 
which various moieties can be attached to impart the desired properties for films and sensing in the 
solid state. The idea is that the sensing chromophore remains relatively unaffected by the additional 
moieties. This is essentially the principle on which conjugated dendrimers are based. 
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1.4.3 Dendrimers 
Dendrimers are branched macromolecules, consisting of a core, dendrons and functional 
surface groups. The chromophore can be part of the core or dendrons but is typically associated with 
the former. The generation of a dendrimer is defined by the number of levels of branching it contains. 
In the case of explosive sensing materials, the surface groups of the dendrimer are specifically chosen 
to increase solubility and improve thin film formation. The dendrons increase separation between 
fluorescent chromophores and prevent interchromophore interactions, decreasing the likelihood of 
non-radiative decay and maintaining a high PLQY in the solid state. 
 
 
Figure 1.12: A schematic of a second generation dendrimer. There are two levels of triangle branches. 
 
A study by Cavaye et al29 compared the quenching of two dendrimers (Figure 1.13Figure 1.12) 
of different dimensionality and chromophore number upon exposure to a range of nitroaromatic 
analytes. The dendrimers have very similar chromophores, with one being relatively planar (D1) and 
the other, consisting of 4 chromophores arranged tetrahedrally around a non-conjugated adamantyl 
core, having a three-dimensional structure (D2). It was discovered that D2 was quenched more 
efficiently than D1 and in solution-based measurements. It was shown that D2 was exhibiting an 
amplification effect whereby an analyte bound to 1 of the 4 chromophores would quench all of them. 
Such results suggest that amplification of a quenching response in solution can occur in systems other 
than conjugated polymers and that high-performance sensing materials could be obtained from 
different molecular architectures.29 
Triphenylamine-based dendrimers have been known to show a response to both nitroaromatic 
and nitro-aliphatic explosives and taggants. The reported chromophores containing the 
triphenylamine moiety, exhibit a bright blue luminescence making the triphenylamine unit an 
appealing component from which to develop sensing materials for nitro-containing compounds. Due 
to the lack of processability of the basic triphenylamine molecule, the structure can be expanded upon 
to increase processability and reduce aggregation induced quenching.30 Triphenylamine has an 
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aromatic structure, thus it is susceptible to 𝜋 − 𝜋 stacking in films which leads to self-quenching of 
luminescence. Incorporating bulky substituents into a dendrimer structure comprising the 
triphenylamine unit can reduce intermolecular interactions in films. The film surface of dendrimers 
can also be tuned to favour the interaction of a certain type of analyte which will help uptake the 
vapor. If the analyte is fairly lypophilic, then including lypophilic substituents in the branching and 
surface groups of the dendrimer will be conducive towards interaction with the lypophilic analyte. 
Triphenylamine is a crystalline substance, hence any films made from this small molecule are apt to 
be crystalline in nature, hence they will not exhibit a smooth, homogenous surface – by adding alkyl 
chain surface groups to the structure, not only is solubility of the material in organic solvents 
increased, but the resultant films take on a more amorphous, glassy morphology. Dendrimers allow 
for a high degree of control over the electronic, optical, and physical properties of a material and are 
therefore ideal for fluorescence-based sensors. 
Geng et al. reported a series of triphenylamine based dendrimers, which were shown to 
selectively detect vapours of explosives and taggants, one of which is shown in Figure 1.14, via an 
oxidative quenching mechanism.31 The triphenylamine dendrimer D was designed to incorporate the 
key features required of a sensing material. One of these features is a high photoluminescence 
quantum yield (PLQY) in the solid state. The LUMO energy of the sensor should be sufficiently 
higher than the analyte electron affinity. Another key feature is that the chemical structure of the 
sensor is compatible with the analyte, to facilitate charge transfer. D has a luminescent 
triphenylamine-containing chromophore, with a suitable energy level for interaction and quenching 
by the analyte. In theory, chromophores with a higher LUMO energy can accelerate the quenching 
process (due to the energy offset with the LUMO of the analyte) and increase sensitivity towards 
analytes. In dendrimer D, branching from the centre are the fluorene moieties, which have been used 
to produce highly luminescent materials in solution and the solid state. Furthermore, the π-
conjugation of the dendrons also promotes binding and interaction of the nitro-based compounds. The 
2-ethylhexyloxy surface groups were added to aid solubility and solution processability.  
D had a solution PLQY of 67 ± 7% in solution and 47 ± 5% in the solid state, indicating that 
the first generation dendrons were sufficient to reduce the intermolecular interactions that lead to 
quenching in the solid state.31 It also showed a good quenching response in solution to TNT, 2,4-
DNT and DMNB. When the material D was tested in the solid state, a quenching response was 
observed for nitroaromatic compounds such as TNT and 2,4-DNT, as well as DMNB. Even more 
significantly, when the films were exposed to a range of interferent vapours, the fluorescence was 
unchanged on increased, meaning D showed selectivity for the nitro-compounds. It was also 
serendipitously realised that, selectivity was contingent on the presence of the central triphenylamine 
moiety and independent of the (hetero)aryl units linking to the dendrons.31. In fact, D is the material 
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that was used in the Arbsense device discussed earlier, and Figure 1.5 shows the response of this 
material to various analytes. D also served as an inspiration for the materials explored in this thesis, 
which are called “poly(dendrimer)s” and are discussed in section 1.5. 
 
 
Figure 1.13: Dendrimers D1 and D2 synthesized by Cavaye et al.29 
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Figure 1.14: Triphenylamine dendrimer made by Geng et al.31 
 
1.5 Poly(dendrimer)s 
Poly(dendrimer)s are a new class of materials that incorporate a series of dendrimer 
chromophores linked together via a non-conjugated polymeric structure. The purpose of these 
materials is to take on a hybrid approach, to harness the advantages of each material. For example, 
dendrimers can provide control over inter-chromophore interactions, whereas the viscosity of a 
polymer solution can be altered with concentration (a desirable property for processing films). 
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Figure 1.15: Poly(dendrimer)s developed by Levell et al.32 
 
Figure 1.15 shows a series of poly(dendrimer)s designed by Levell et al. for OLED devices, 
which is one of the applications for which poly(dendrimer)s were first developed. The structures were 
chosen such that, being polymers, they would have the viscous properties required for ink-jet printing. 
The non-conjugated backbone prevented loss of the triplet excited energy states of the luminescent 
iridium(III) complex based chromophore. Branching groups were added to the iridium (III) 
chromophore to further aid solubility in organic solvents, and prevent aggregation and concentration 
quenching in the solid state. The first material 1.4, which did not contain any dendrons, showed a 
neat film PLQY of only 2%. Adding two first generation dendrons to the complex to give 1.5, led to 
the neat film PLQY increasing to 44%. 1.6 featured four first generation dendrons and had a neat film 
PLQY of 58%. This demonstrates how increasing the branching groups (in other words making the 
side chains more “dendrimer like”) increased the PLQY of the material in the solid state by reducing 
aggregation and inter-chromophore interactions that lead to quenching.32   
One of the key advantages of the dendrimers is control; the branching groups and surface 
groups can vary, but the chromophore usually resides primarily at the core of the dendrimer. The 
design of the chromophores for the poly(dendrimer)s of this study, was inspired by the work done by 
Geng et al, in particular, the dendrimer D shown in Figure 1.14. The poly(dendrimer)s for this study 
(Figure 1.16) contain triphenylamine-centred dendrimers in a pendant type polymer, such that the 
chromophores can be well defined; a conjugated backbone would cause a loss of control over the 
chromophore. The polymeric structure was chosen to study exciton migration and binding/quenching 
capabilities. 
Poly(dendrimer)s have not previously been investigated as sensing materials, so this study 
seeks to explore the suitability of poly(dendrimer)s as sensors by focusing on four sets of monomer 
and corresponding poly(dendrimer), with variations in their triphenylamine-based chromophores. 
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The simplest structures of the set, M1 and P1, contain no fluorene groups or “G1 moieties”, which 
will shed some light on the effect of including fluorenes within the chromophore. M2 and P2 differ 
from M1 and M2 in that their chromophore contains fluorene moieties instead of tert-butyl-phenyl 
groups. This makes for a more conjugated chromophore in the M2/P2 pair relative to that of the 
M1/P1 pair.  
The chromophore of M3 and P3 expands upon that of M2 and P2 by incorporation of G1 
moieties (as well as fluorene moieties). M3 and P3 also had the most similar chromophore structures 
to D, as they both have the triphenylamine core, fluorene groups, and G1 moieties. The P3 structure 
was chosen to make a comparison between going from the dendrimer D to the non-conjugated 
polymer containing similar chromophores. M3 was also studied to make a comparison between going 
from monomer to polymer, and between the norbornenyl monomer and dendron. 
Lastly, M4 and P4 expand on the structure of M2 and P2 in that they contain two fluorenes 
in their branching groups, which means comparisons (on the quenching response to nitro-based 
analytes) can be made regarding the effect of extending the conjugation by including extra fluorene 
groups. Given that these are a new class of materials, it will be interesting to explore how they behave 
by measuring their response to nitro-containing analytes in solution and the solid state. 
 
1.6 Aims of the Project 
This project aimed to synthesize and characterize a new class of sensing materials based on the 
poly(dendrimer)s concept. The sensing capabilities of these materials, via oxidative fluorescence 
quenching by nitrated analytes in solution and in the solid state, was also explored. Four dendrimer-
like monomers and their corresponding poly(dendrimer)s were produced to understand the following: 
 The role of intermolecular interactions on the sensing performance of the materials in solution 
and the solid state. 
 The impact of intra-molecular interactions between the chromophores on the photophysical 
properties and the sensing response. 
 Effects of varying the chromophore structure on the sensing performance. 
The content of the following chapters of this text is summarized as follows: 
 Chapter 2 explores the design and synthesis of these materials and their properties with respect 
to their suitability for sensing nitrated explosive materials 
 Chapter 3 investigates the quenching efficiency and mechanisms of the materials in solution. 
 Chapter 4 focuses on the quenching of thin films of the monomers and poly(dendrimer)s when 
subjected to analyte vapours. This chapter also discusses Neutron Reflectivity measurements 
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on the poly(dendrimer) films and how they behave when subject to a saturated environment 
of DNT. 
 Chapter 5 is a summary of findings. 
 Chapter 6 lists the experimental methods used throughout this work. 
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Figure 1.16: Monomers M1-4 and Poly(dendrimer)s P1-4. 
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2 Synthesis and Characterization 
2.1 Design Rationale  
All four polymeric materials were designed to feature dendritic (branched) chromophores 
linked together via a cyclopentadiene backbone, hence these materials are coined “poly(dendrimer)s”. 
The cyclopentadiene backbone results from the polymerization of norbornenyl monomeric materials 
via a living ring-opening metathesis polymerization (ROMP). Before describing the synthesis, the 
rationale behind the design of the materials, from a synthetic standpoint, will be discussed in two 
parts. Firstly, the choice of polymerization method will be discussed, then the development of the 
dendritic side-chain structures will be explained. 
The ROMP method of polymerization was chosen because it is an established means of 
producing macromolecules of tuneable sizes shapes and functions.33 This method is also apt to 
produce polymers that have narrow molecular weight distributions, leading to a low dispersity (Đ)33: 
Đ =  
?̅?𝑤
?̅?𝑛
 =  1 +  
1
𝐷𝑃
         (2.1) 
where ?̅?𝑤is the weight-averaged molecular weight, ?̅?𝑛 is the number-averaged molecular weight and 
DP is the degree of polymerization, (or average number of monomer units per polymer chain). A 
polymer with a Đ of 1 is considered monodisperse, that is all the chains are of the same length. To 
understand why the ROMP method produces polymers with Đs close to 1, the mechanism needs to 
be considered. 
As shown in Figure 2.1, the ROMP reaction proceeds in three steps: initiation, propagation 
and termination. The initiation step involves chelation of a metal alkylidene catalyst to the double 
bond on the olefinic ring. The resultant intermediate may exist in the metallocyclobutane form 
(arising from a [2 + 2]-cycloaddition), or metal alkylidene form depending on the catalyst and reaction 
conditions. The intermediate then undergoes a cycloreversion reaction to afford the new metal 
alkylidene, which has a similar reactivity towards cyclic olefins to that of the initiator. The process is 
repeated in the propagation steps until the reaction is terminated by all the monomer being consumed, 
an equilibrium being reached, or via the addition of a quenching agent.33 The quenching agent for the 
polymerizations in this study was ethyl vinyl ether, a commonly used reagent for terminating 
ruthenium catalysed ROMP reactions. 
The enthalpic driving force of the ROMP reaction is the release of “ring-strain” in the cyclic 
olefin, hence cyclic olefins that possess a high degree of ring-strain, e.g. norbornene, are often used 
for these polymerizations. The most favourable conditions for such a reaction are low temperatures 
and high monomer concentration, as it is undesirable to have an entropic penalty that is too high to 
be compensated for by the enthalpic release of ring-strain. These conditions, as well as the choice of 
catalyst, can enable a living polymerization, meaning the polymerization occurs without chain 
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transfer or termination. In an ideal situation the size of the polymer chains can be controlled by the 
ratio of catalyst to monomer, as an effective catalyst should convert growing polymer chains 
quantitatively and rapidly. 
 
 
Figure 2.1: General mechanism of a typical ROMP reaction.33 
 
A suitable catalyst should also enable chain growth without an appreciable amount of 
intramolecular or intermolecular chain transfer, or premature termination. For the polymerizations in 
this study, Grubbs’ ruthenium third generation catalyst was used (Figure 2.2) as it exhibits such 
features as well as being soluble in a range of organic solvents. This variant of Grubbs’ ruthenium 
catalysts is known for showing high reactivity and rapid initiation for polymerizations of norbornene 
derivatives, making it ideal for the norbornenyl monomers used in this study.34 
The monomeric materials each consisted of a dendrimer attached to a polymerizable 
norbornenyl group via an amide bond. It was reasoned that such monomers could be readily prepared 
 
 
Figure 2.2: Grubbs’ third generation ruthenium catalyst. 
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by reaction of the dendritic amine with the commercially available exo-5-norbornene-2-carboxylic 
acid via a one-pot condensation reaction. The amine could be obtained via reduction of the 
corresponding nitro derivative (Scheme 2.1). 
 
 
Scheme 2.1: Retrosynthetic pathway from poly(dendrimer) to nitro-derivative where D is the dendritic side chain. 
 
Scheme 2.2 outlines how the nitro-derivative of the dendron was to be synthesized, the first 
step being via fusion of the boronic acid (or boronic ester) of the group that forms part of the final 
branched chromophore to compound 7 via a Suzuki coupling. 7 could be obtained via bromination of 
the nitrated triphenylamine 6, which could be afforded by reaction of the commercially available 1-
fluoro-4-nitrobenzene 10 and diphenylamine 11. 
Compound 8 in Scheme 2.2 varied between the materials as they each incorporated different 
groups. To summarize, the sidechains of the poly(dendrimer)s were chosen such that they each 
featured a triphenylamine centre as part of a conjugated chromophore with alkyl surface groups for 
processability (Figure 2.3). The triphenylamine moiety was incorporated into the sensing 
chromophores due to previous reports that showed sensing compounds containing it were able to 
selectively interact with nitro-containing explosives35. The branched chromophores were chosen such 
that comparisons could be made between extending the conjugation, and general bulkiness of the 
chromophore. The synthetic routes to each of the monomers and subsequent polymers for each of 
chromophores shown in Figure 2.3 will now be discussed.  
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Scheme 2.2: Retrosynthetic pathway from nitro-derivative where R is the group that forms part of the final branched 
chromophore. 
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Figure 2.3: Structures of the four poly(dendrimer)s P1-4. 
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2.2 Synthesis of M1 and P1 
The poly(dendrimer) (P1) shown in Figure 2.3 was proposed as a model for the synthesis of 
the other poly(dendrimer)s (and monomers). It was anticipated that P1 would involve similar, yet less 
complicated, chemistry needed for synthesizing the other three polymers (P2, P3 and P4). This more 
simplistic structure would also make for an interesting comparison against the more complicated 
structures in terms of photophysical characteristics, sensing response, and processability. 
The first step in synthesizing M1 and P1 was obtaining compound 7, via the synthetic route 
shown in Scheme 2.3. This process involved treatment of the commercially available diphenylamine 
11 with sodium hydride to afford the corresponding sodium amide, which underwent an SNAr fluoro-
displacement reaction with 1-fluoro-4-nitrobenzene 10, giving rise to 9. Purification was achieved by 
passing the crude adduct through a silica plug, eluting with dichloromethane. The resultant solid was 
recrystallized in petroleum ether and dichloromethane to remove excess oil remaining from the 
sodium hydride (60% in oil) that was used as the base, giving a yield of 63% of 9.36 
 
 
Scheme 2.3: Synthesis of TPA core precursor, 7. 
 
Compound 7 was then readily obtained via electrophilic bromination of 9 using an excess of 
N-bromosuccinimide (NBS). The reaction was conducted in the dark to prevent photolytic 
degradation of the NBS. It was discovered that the reaction needed to be heated to 60 °C and left for 
at least 2 days to achieve complete bromination at the two sites. After being passed through a silica 
plug, eluting with dichloromethane, the product was recrystallised from petroleum spirits and 
dichloromethane to give an orange, crystalline solid with a yield of 67%. 
Once 7 had been synthesized, the next step was to attach the tert-butylphenyl moieties at the 
brominated sites. To achieve this, a Stille coupling was attempted (Scheme 2.4) but it did not yield 
the desired product. (Also depicted in Scheme 2.4 are the conditions for production of the stannane 
13 – the crude adduct of this reaction was used without further purification.) Aqueous Suzuki 
conditions also did not yield compound 15. An anhydrous Suzuki coupling of 7 with an excess of 15, 
was attempted, as per Scheme 2.4. There were difficulties separating the mono-substituted and 
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disubstituted products given their similar retention factors on silica. However, complete reaction at 
both brominated sites of 7 was ensured by dissolving the materials in the minimum amount of solvent 
and heating to 100 °C for 48 hours. The target 15 was obtained in a 71% yield as an orange, crystalline 
solid.  
 
 
Scheme 2.4: Synthesis of 15. 
 
The next step in the synthetic route was reducing the nitro-group to an amine. Three methods 
were trialled (Scheme 2.5). The first method, using aluminium as the reductant did not appear to yield 
the amine. The second method, using palladium on carbon (10% w/w), with hydrogen as the reductant 
was more successful. The 1H NMR of the crude product showed an amine signal and a slight upfield 
shift of the aromatic protons adjacent to the supposed amine group. TLC also revealed a change in 
luminescence from bright yellow in the nitro-based starting material to a sky blue, indicating the 
nitro-group was no longer present. However, after workup the crude material was a brown oil which 
was difficult to reprecipitate as a means of purification. (Given the sensitivity of the amine to silica, 
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silica column chromatography was not a viable option.) It was also noted that the amine was sensitive 
to light and chlorinated solvents.  
The third reduction method, using the hydrazine hydrate, was not only successful but offered 
an easy means of purification. When the reaction was complete, the still hot reaction mixture was 
filtered through a celite plug then washed with chloroform. The filtrate was collected and then about 
half of the remaining ethanol was removed from the solution in vacuo. Distilled water was added to 
the solution until the product precipitated out. This was collected via filtration and washed with water, 
then dried under hi-vac (protected from light) giving target 16 as a white powder in a yield of 84%. 
 
 
Scheme 2.5: Synthesis of the amine 16. 
 
Once the amine had been obtained, it was subjected to a Steglich condensation with 3 (exo-5-
norbornene carboxylic acid, 97%) to produce the monomer M1 (Scheme 2.6). The reaction was 
conducted at room temperature (protected from light), using dichloromethane as solvent. During the 
purification process, chlorinated solvents were avoided, and column chromatography was performed 
as rapidly as possible to limit the amount of time the monomer was exposed to silica. The gradient 
elution conditions were ethyl acetate:petroleum spirits (0:100, 5:95, 10:90, 20:80) and the product 
was collected as a light pink solid. This was subject to recrystallization using dichloromethane-
petroleum spirits to afford the product as a white, crystalline solid in a 40% yield. The low yield was 
speculated to be partially due to decomposition on silica, as well as some material remaining 
dissolved in the filtrate during the recrystallization step. 
A ring opening metathesis polymerization (ROMP) was conducted using the monomeric 
material and Grubb’s III catalyst, with tetrahydrofuran as the solvent. The optimum conditions for 
the polymerization were determined after a series of test reactions involving variations in temperature 
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and reaction time (Table 2.1). It was important to minimize the reaction time to reduce the occurrence 
of backbiting. Due to the sensitivity of the catalyst to light and oxygen, the reaction was carried out 
under an argon atmosphere, protected from light.  
Purification of the polymer was attempted by dissolving the crude product in tetrahydrofuran 
and adding ethanol until a white solid precipitated out of the solution. The solution was then 
centrifuged, the supernatant removed and the reprecipitation process repeated a further two times. 
This process failed to remove the monomer (impurity) from the polymer. The polymer formed a gum-
like material when subject to the reprecipitation conditions, and it was assumed that the monomer 
was being trapped in the gum.  
The material was then dissolved in dichloromethane and added dropwise to a stirring solution 
of methanol (to encourage flocculation rather than formation of a sticky gum). The precipitate was 
collected by filtration and washed with methanol. However, the impurity remained in the polymer, 
so purification was finally achieved using a biobeads column (size exclusion chromatography), 
eluting with tetrahydrofuran. The polymer was collected as a grey powder, in a yield of 38%.   
The catalyst was used in a 1 mol percent ratio with respect to the monomer, which would 
ideally afford a polymer with a degree of polymerization (DP) of 100 and a polydispersity index (Đ) 
of 1. This was not the case; the resultant polymer had an average DP of 158 and a Đ of 3.78. This was 
likely due to breakdown of the catalyst in the solvent prior to initiation. If some of the catalyst broke 
down then the ratio would have been less than 1 mol percent, hence the greater degree of 
polymerization than expected. Dispersity was greater, which indicates that some of the growing 
chains were terminated, which is also consistent with some chains being longer than others.  
 
Table 2.1: Variations in reaction conditions for polymerization of M1 
Temperature Time Outcome* 
R.T. 24 h Completion 
R.T. 6 h Completion 
R.T. 3 h Completion 
R.T. 1 h Partial polymerization 
R.T. 1h 45 min Completion 
0 °C 1h 45 min Partial polymerization 
*
Outcome was determined by appearance of monomer in TLC of the crude reaction mixture. For instance, “partial 
polymerization” indicates a visible amount of monomer was present on the TLC plate. 
 
The synthesis of P1 gave an indication of the polymerization conditions needed for 
synthesizing the other poly(dendrimer)s. Some of the techniques for the synthesis and purifications 
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of the intermediates leading up and including to the monomeric material also proved useful for the 
syntheses of M1-3 and P1-3. 
 
 
Scheme 2.6: Synthesis of M1 and P1. 
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2.3 Synthesis of M2 and P2 
The polymer P2, is similar to P3 and P4 as the side chains contain the triphenyl amine centre 
and fluorene moeities. However, unlike P3 it lacks the G1 moieties such that the effects of including 
said moieties could be investigated. Furthermore, P2 differs from P4 in that it only has one fluorene 
in each arm instead of two, such that a comparison could be made between chromophores of differing 
conjugation lengths. The retro-synthesis of the general structure of the dendrons has already been 
covered, so Scheme 2.7 shows how the branching groups of M2 and P2 were developed.   
To obtain 17, the first step was to alkylate the commercially available 19 using the biphasic 
reaction conditions in Scheme 2.8. This reaction involved dissolving the fluorene in toluene then 
adding aqueous sodium hydroxide in a dropwise manner while stirring vigorously. The previously 
colourless aqueous layer changed to a deep red as the fluorene was deprotonated. After stirring for  
 
 
Scheme 2.7: Retrosynthesis of fluorene boronic ester, 17. 
 
45 minutes, 1-bromopropane was added dropwise to the mixture which was then left to stir at 60 °C 
for approximately 48 hours, under nitrogen protected from light. The reaction had changed colour 
again to an olive green once it was finished. The crude adduct was purified over silica eluting with 
petroleum ether to afford 18 as a white crystalline solid in a 93% yield. This reaction was apt to 
produce lower yields (roughly 60 – 70%) when not protected from light and oxygen, due to the 
production of fluorenone by-products. 
 
 
Scheme 2.8: Synthesis of 18. 
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With 18 in hand, getting to the boronic ester 17 was a matter of conducting a borylation 
reaction. The reaction involved dissolving the brominated material in anhydrous tetrahydrofuran 
(THF) and cooling to – 78 °C prior to the addition of n-butyllithium (nBuLi). It was important to 
ensure that the vessel and solvent were as water-free as possible as nBuLi is highly water sensitive; 
not only does this material react violently with water, but extraneous water molecules will quench the 
reagent resulting in less production of the aryllithium intermediate. This intermediate was then 
reacted with 21, with the reaction left to warm to room temperature after the addition. Purification 
was achieved by column chromatography eluting with petroleum spirit over silica to give 17 as a 
white crystalline solid in a 92% yield.  
The Suzuki coupling of the 17 with 7 involved using toluene as solvent, 
tetrakis(triphenylphosphine)palladium(0)  (Pd(PPh3)4) as catalyst in a 5 mole percent ratio to 
compound 7, aqueous potassium carbonate (2 M) and heating to 100 °C overnight. Three equivalents 
of 17 were used with respect to 7 and the reaction afforded 22 as an orange solid in a 91% yield. 
 
 
Scheme 2.9: Synthesis of the boronic ester 17. 
 
Compound 22 was reduced to 23 using the successful method for compound 15 in section 2.2. 
The hydrazine method that was successful for reducing 15 was not as effective for the reduction of 
22, due to 22 not being readily soluble in ethanol. Better conditions involved using ethyl acetate as 
the solvent, palladium on carbon (10% w/w) as catalyst and hydrogen as the reducing agent. The 
reaction mixture was bubbled with argon prior to the addition of catalyst, then bubbled with hydrogen 
and left to stir (under a hydrogen balloon) at room temperature, protected from light. After filtration 
of the crude product through a celite plug, then washing with ethyl acetate, the crude product was 
obtained as a brown solid that was used without further purification for the next step, as the amine 
was again sensitive to light and decomposed on silica. 
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Scheme 2.10: Synthesis of 23. 
 
After drying under high-vacuum to remove excess solvent, the amine 23 was reacted in a 
Steglich esterification with the norbornenyl carboxylic acid (the conditions are shown in Scheme 
2.11). The reaction went smoothly, however the product was apt to decompose on silica and contained 
impurities that were difficult to separate from the target. The crude adduct was rapidly columned over 
silica, eluting with an ethyl acetate:petroleum spirit mixture to remove the bulk of the impurities. The 
resultant green solid was further recrystallized using dichloromethane-petroleum spirit to afford the 
target M1 as a light grey solid in a 44% yield. 
Monomer M2 was polymerized using Grubb’s third generation catalyst in ratio of 1 mol% 
and freshly distilled tetrahydrofuran as solvent. The product was purified by redissolving the crude 
adduct in dichloromethane and adding the solution dropwise to methanol. The precipitate was filtered 
and washed with methanol, then dried under hi-vacuum to remove solvent. No further purification 
was required, with P2 being isolated as a pale green powder in a 93% yield. The polydispersity was 
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1.7 and the molecular weight was 160,000, indicating a degree of polymerization of approximately 
100. 
 
 
Scheme 2.11: Synthesis of M2 and P2. 
 
 
2.4 Synthesis of M3 and P3 
Even though M1 and P1 were the first compounds to be successfully synthesized, the first 
attempted preparation was of poly(dendrimer) 24 (Figure 2.4), which had an ester linkage. P3 was 
designed to ameliorate some of the difficulties associated with the synthesis of 24. The story regarding 
synthesis of P3 would not be complete without including the endeavour to synthesize 24. Scheme 
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2.12, Scheme 2.13 and Scheme 2.14 show the retrosynthetic approach to poly(dendrimer) 24. The 
polymeric material contains the branched triphenylamine containing chromophore onto which first 
generation biphenyl-based dendrons with 2-ethylhexyloxy surface groups were attached. 
 
 
Figure 2.4: P3 and the initial target 24. 
 
An ester linkage was to be used between the chromophore and the polymer backbone because 
in other systems the ester seemed to give better polymerizations than the amide, meaning a higher 
degree of polymerization and lower polydispersity was achieved using lower temperatures and less 
reaction time.37, 38 By joining a linking group to 25 (the bromo derivative of the chromophore), a 
compound with hydroxyl functionality could be achieved, such that it could be reacted with the 
norbornenyl carboxylic acid 3 to give desired ester linkage. 
As shown in Scheme 2.13, compound 28 was to be formed by attaching a branching group to 
the triphenylamine core. This was to be achieved using the triphenylamine compound 29, and the 
boronic ester derivative of the branching group, namely compound 32. It was reasoned that 32 could 
be selectively coupled to the two iodo-positions of 32 such that the resultant compound would have 
the two branching groups and the bromine moiety ready for the next reaction. Scheme 2.13 also 
shows a breakdown of how the branching group derivative 32 and triphenylamine 29 were to be made, 
and the reactions for these will be discussed in more detail later in this chapter. 
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Scheme 2.12: Retrosynthesis for 25, part 1 where R = 2-ethylhexyl. 
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Scheme 2.13: Retrosynthesis for 24, part 2 where R = 2-ethylhexyl. 
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Scheme 2.14: Retrosynthesis for 24, part 3 where R = 2-ethylhexyl. 
 41 
 
The first compound to be synthesized was the triphenylamine unit 29. This was to be achieved 
by brominating (commercially available) triphenylamine 31 to give 30, followed by di-iodination to 
make 29. An attempt to mono-brominate 32 was made by reacting it with tetrabutylammonium 
tribromide (TBABr3) at room temperature, using dichloromethane and methanol as solvents in a 5:2 
ratio (Scheme 2.15). This reaction was problematic as both the di-substituted and tri-substituted 
compounds were formed as by-products. Given their near identical structure, they had very similar 
retention factors hence they were extremely difficult to separate via column chromatography. Excess 
bromination was also encountered when using elemental bromine with chloroform as the solvent. 
However, it was found that the desired mono-brominated compound could be synthesized via a facile 
approach using NBS in ethyl acetate at room temperature. The resultant product 32 was recrystallized 
in petroleum spirits and dichloromethane and obtained as a white solid in a yield of 53%.  
The next step was to iodinate the two unhalogenated phenyl rings, which was readily done 
using the same method that was used for iodinating fluorene10 – 2.2 equivalents of N-iodosuccinimide 
with trifluoracetic acid as the catalyst and chloroform as the solvent, heated to 60 °C, overnight 
(Scheme 2.15). The crude product was purified be recrystallization from a dichloromethane-methanol 
mixture and collected as a grey solid (51%). 
 
 
Scheme 2.15: Synthesis of 29. 
 
Compound 29 was then to be used in a Suzuki reaction with the boronic ester 32. The synthesis 
of 32 began with the iodination of the dialkylated bromo-fluorene 18 (see part 2.3 for the synthesis 
of 18) to enable chemoselective addition of the first generation dendron. Two methods for iodination 
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were attempted, also shown in Scheme 2.16. Both methods involved purification by recrystallization 
from a dichloromethane-methanol solvent mixture, to afford 34 as a white, crystalline solid. The 
method involving iodine afforded the product in a 16% yield, while a 70% yield of 34 was obtained 
using N-iodosuccinimide.  
 
 
Scheme 2.16: Synthesis of 34. 
 
The bromo-iodo-fluorene 34 was to be reacted with the “G1-boronic ester” 35, and 
subsequently borylated. As shown in Scheme 2.17, the materials 38 and 40 were necessary for 
synthesis of the “G1-bromide” 41. 40 was obtained via a Williamson ether synthesis between 2-
ethylhexyl bromide 37 with an excess of bromophenol 36. The solvent was removed in vacuo and the 
resultant oil was taken up in diethyl ether and washed with aqueous sodium hydroxide to remove 
excess phenol as the phenoxide. The organic fraction had the solvent removed and isolated 38 was 
used without any further purification. 
Compound 40, the other reactant required for the formation of 41, was synthesized via a 
Sandmeyer reaction from 39, shown in Scheme 2.17.39 The crude material was purified by 
recrystallization from a dichloromethane:petroleum spirits mixture, affording 40 as a brown, 
crystalline solid (42%).  
The synthesis of 41 required considerable optimization before attaining a yield of (71%). It 
was discovered that the Grignard activation was quite sluggish, thus it needed to be stirred overnight 
at 50 °C to ensure complete formation of the Grignard reagent. A small pellet of iodine was also 
added to promote initiation. After the addition of 40, the reaction took approximately 3 hours to reach 
completion. If left longer, the presence of side products increased, which lowered the yield of 41 and 
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made purification difficult. The compound was purified over silica, eluting with a 
dichloromethane:petroleum spirits, and 41 was obtained as a yellow oil in a yield of 71%.40  
The next step was to form either a boronic acid or boronic ester from 41 so it could be coupled 
with 34. Both the acid and the ester were successfully synthesized using the methods shown in 
Scheme 2.18. The boronic acid 42 – a brown crystalline solid – was used without further  
 
 
Scheme 2.17: Synthesis of 41. 
 
purification. However, the boronic ester was purified over silica, (eluting with a mixture of petroleum 
spirits and ethyl acetate) and obtained as a golden oil in a yield of 73%.41 
The Suzuki coupling of 35 and 34 was done at 65 °C, such that coupling was selective to the 
iodinated position. The conditions for the Suzuki reaction and subsequent borylation are delineated 
in Scheme 2.18. Although 33 could be formed using the boronic acid 42 and 34, the best yield was 
obtained when the G1 boronic ester 35 was used in the Suzuki coupling. Boronic acids tend to exist 
as mixtures of oligomeric anhydrides42, so the yield when using these compound cannot be quoted in 
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terms of exact moles. Conversely, a molar yield can be calculated for the boronic ester, precluding 
the necessity of quoting a two-step yield when going from 41 to 33. In short, an aqueous Suzuki 
coupling between 35 and 34 afforded 33 in a 96% yield after purification via column chromatography, 
eluting with a mixture of dichloromethane and petroleum spirits. 
 
 
Scheme 2.18: Borylation of 41. 
 
A borylation reaction was then done on 33 to give the “G1-Fl boronic ester” 32, which was 
used without further purification as it decomposed on silica and its waxy nature hindered 
recrystallization. Attempts were made to produce the boronic acid equivalent in the hopes that it 
would be a crystalline solid that could be “purified” by recrystallization. However, these reactions 
were not fruitful. The G1-Fl boronic ester 32 was used in excess in the next step with the yield to be 
quoted with respect to 29. 
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A number of test Suzuki reactions between 32 and the triphenylamine unit 29 that resulted in 
low yields and a mixture of the mono- and di-substituted products, which were difficult to separate, 
were carried out. Concentrated mixtures resulted in the mono and di substituted products, and the 
temperature could not be increased too much, or coupling also occurred on the bromine moiety. 
 
 
Scheme 2.19: Synthesis of 32 where R = 2-ethylhexyl. 
 
Shown in Table 2.2 are some of the reaction conditions used. It can be seen in the bottom row 
that a 59% yield of 28 was attained. However, this involved purification of approximately 100 mg of 
crude material at a time from a large-scale reaction that resulted in approximately 1.4 g of crude 
material. The purification involved columning over silica, gradient eluting with a 
dichloromethane:petroleum spirits mixture (0:100; 5:95; 10:90; 20:80; 30:70) to remove the bulk of 
the impurities. Then 100 mg of the not quire pure material collected from this column was then 
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subjected to purification via chromatotron chromatography, gradient eluting with 
dichloromethane:petroleum spirits mixture (0:100; 5:95; 10:90; 20:80) to give 28 as a light brown 
solid in a 59% yield. The mediocre yield and time-consuming purification process was not deemed 
feasible. The other option was to increase the equivalents of the boronic ester 32 such that the reaction 
was “swamped” with an excess of 32. However, 32 itself involved many synthetic steps, some of 
which had time-consuming purification processes. It was at this point that the alternative structure 
was devised. 
 
 
Scheme 2.20: Suzuki coupling to triphenylamine core. 
 
Table 2.2: Conditions used for the Suzuki couplings of 29 and 
borylated compound 32. 
Equivalents of 32 Mixing agent Yield 
2.2 None 0% 
2.2 IPA 1% 
2.2 EtOH 12% 
3.2 EtOH 59% 
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Due to the abovementioned difficulty in selectively adding two dendrons to 32, attempts to 
form the benzylester linked polymer 24 were abandoned and the approach successfully used for P1 
and P2 utilised. The method first method studied was to couple 7 with “two” equivalents of 32 based 
on the optimised anhydrous Suzuki conditions determined for the formation of M1 (section 2.2). For 
clarity the anhydrous Suzuki conditions utilised caesium carbonate as the base, 
tetrakis(triphenylphosphine)palladium(0) as the catalyst (in roughly 10 mol % with respect to the 
triphenylamine 7) and toluene as the solvent. However, while the reaction was successful the product 
was difficult to purify and gave a low yield. After columning the crude mixture, an impurity could 
still be seen (in the fractions containing the target) by TLC. The fractions were left overnight and the 
next day yellow crystals had formed – these crystals were determined to be the desired product 43 
and could be collected by hand but only in a yield of 11%. 
 
 
Scheme 2.21: Synthesis of the nitro compound 43. 
 
Aqueous Suzuki conditions were revisited and afforded much better yield, without the 
impurities caused by the anhydrous conditions. It was discovered that the reaction worked best with 
2.2 equivalents of boronic ester 32 to the triphenylamine 7, with aqueous potassium carbonate as the 
base, tetrakis(triphenylphosphine)palladium(0) in an approximate 5% molar ratio to 7, and toluene 
as the solvent (the minimal amount needed to dissolve starting materials, as a concentrated mixture 
promoted complete reaction at the two bromine sites). The crude adduct was purified over silica and 
the target 43 was isolated as a yellow solid in a yield of 85%. 
Reduction of the nitro group of 43 was attempted on a small scale using the optimal conditions 
for the t-butyl phenyl analogue 15, namely the hydrazine reduction (Scheme 2.5).43 However,  
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Scheme 2.22: Synthesis of M3. 
 
difficulties arose in trying to dissolve 43 in ethanol. The reaction was then attempted in an 
ethanol/chloroform solvent system, but led to under-reduction of the nitro group, likely due to 
solubility issues. A more ideal set of conditions, using ethyl acetate as the solvent, palladium on 
carbon (10% w/w) as catalyst and hydrogen as the reducing agent, were used.44 The reaction mixture 
was bubbled with argon prior to the addition of catalyst, then bubbled with hydrogen and left to stir 
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(under a hydrogen balloon) at room temperature, protected from light. After filtration of the crude 
product through a celite plug, and washing with ethyl acetate, the crude amine 44 was obtained as a 
brown solid that was used without further purification for the next step. Purification was attempted, 
however the compound degraded on silica. It was also imperative to use compound 44 quickly as it 
was apt degrade when exposed to light and/or oxygen. 
After drying under high vacuum to remove excess solvent, 46 was reacted in a Steglich 
esterification with the norbornenyl carboxylic acid 3 (Scheme 2.22).45 The reaction itself went 
smoothly, however the product was apt to decompose on silica and contained impurities that were 
difficult to separate from the target. The crude adduct was rapidly columned over silica, eluting with 
a ethyl acetate:petroleum spirits mixture, to remove the bulk of the impurities. The impure brown 
solid was then subject to purification by chromatotron chomatography. The chromatotron plate was 
pre-treated with petroleum spirits, and the material was loaded in diethyl ether. Chlorinated solvents 
were avoided in the purification process as it was noticed that these monomers tend to decompose 
when dissolved in chloroform or dichloromethane. The solvent system was changed to 5% ethyl 
acetate in petroleum spirits to remove a yellow band of impurity. Then the polarity was increased to 
10% ethyl acetate in petroleum spirits to elute the (brightly blue luminescent) target M3 as a yellow 
solid, in a final yield of 29%. 
Polymerization was the final step and a test reaction using 1 mol% of Grubbs’ III catalyst, 
with tetrahydrofuran as solvent was not fruitful. The reaction was repeated using dichloromethane as 
the solvent instead of tetrahydrofuran, yet polymerization still did not occur. Another attempt was 
made with tetrahydrofuran as the solvent (using 1 mol% catalyst), and monitored by TLC over a 
period of 8 hours; no polymerization was observed. It was discovered that a catalyst concentration of 
5 mol% (using tetrahydrofuran as the solvent) promoted polymerization of the material. All 
polymerization reactions for this compound were done at room temperature, seeing as it was 
discerned to be the most effective temperature for the model compound M1.  
The failure of the polymerizations with low mol% of catalyst suggested that the catalyst had 
degraded over time. However, fresh catalyst was synthesized and tested on the monomer M1 (for 
which the polymerization occurred using 1 mol% catalyst). The fresh batch of catalyst was then used 
in test reactions for polymerization of M3 at 1 mol% and 5 mol% (using tetrahydrofuran as the 
solvent). Again, the 1 mol% reaction was unsuccessful, and the 5% reaction was successful. Given 
more time, the polymerization of M3 could have been better optimized by exploring a wider range of 
solvents, temperatures and even catalysts but sufficient material was in hand to do the characterisation 
and sensing measurements.33 
The crude poly(dendrimer) was suspended in dichloromethane and precipitated out of solution 
by addition of methanol. This removed the catalyst, but not unreacted monomer. The material was 
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subjected to biobeads purification, eluting with toluene and the target was obtained as a light-greenish 
grey powder in a yield of 65%. The poly(dendrimer) P3 had an ?̅?𝑤 of 36000 and an ?̅?𝑛 of 26000, 
the degree of polymerization was 1.4. The relatively low molecular weight and difficulty in 
polymerizing M3 may well be due to the steric hinderance of the bulky dendritic monomer and/or 
degradation of the catalyst during the reaction. 
 
 
Scheme 2.23: Polymerization of M3. 
 
 
2.5 Synthesis of M4 and P4 
The structure of P4 was modelled on that of P2, but with the sidechains containing a bis-
fluorene moiety instead of just a single fluorene. The design was chosen so effects of extending the 
conjugation by including more fluorene moieties into the arm could be explored. Scheme 2.24 shows 
the retrosynthesis starting from the nitro-derivative of the dendron. The general synthetic route from 
the nitro-compounds to monomer and polymer has already been discussed previously as has the 
synthesis for the core compound 7. Thus, this section will begin with synthesis of the boronic ester 
45 that was reacted with 7. 
The synthesis of P4 and M4 began with Suzuki coupling 1.1 equivalents of 18 with one 
equivalent of the bromo-iodo-fluorene 34 using aqueous Suzuki conditions (Scheme 2.24). To ensure 
selective coupling on the iodo-position of 34, the reaction was heated to 60 °C. To help the aqueous 
and organic phases mix, at this relatively low temperature, a small portion of iso-propanol (IPA) was  
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Scheme 2.24: Retrosynthesis of the dendron for P4 and M4 starting from the nitro-derivative 45. 
 
added to the reaction mixture. The crude product was obtained as a brown oil, which was purified 
over silica, eluting with petroleum spirits to afford the target 50 as a white solid in a 61% yield.  
The bromo-bis-fluorene 47 was borylated according to the reaction conditions shown in 
Scheme 2.25 and the crude material was obtained as a golden oil that crystallised when left overnight. 
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Recrystallisation was performed using dichloromethane and methanol to obtain pure boronic ester as 
a white solid in a yield of 65%. 
 
 
Scheme 2.25: Synthesis of 47. 
 
2.2 Equivalents of 46 were then Suzuki coupled to 7, using the aqueous conditions shown in 
Scheme 2.27. The crude material was obtained as a brown oil and after purification by column 
chromatography, 45 was obtained as an orange solid in a 93% yield. 
 
 
Scheme 2.26: Synthesis of 46. 
 
Reduction of the nitro group on 45 was performed using palladium on carbon (10% w/w) as 
catalyst and hydrogen as reductant. The solvent system used was 3 parts chloroform to 1 part ethanol 
(as the compound was not readily soluble in pure ethanol). When the reaction was complete the 
mixture was filtered through a celite plug to remove the catalyst, then the filtrate was concentrated in 
vacuo to afford the amine 48 as a peach coloured solid. This was used without further purification, as 
it was also sensitive to silica and light. 48 underwent a Steglich esterification (Scheme 2.28) with the 
norbornene 3 to obtain the monomer M4. (The reaction was conducted in the dark and under argon 
to prevent decomposition of the amine.) The crude material was purified over silica, gradient eluting 
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with an ethyl acetate:petroleum spirits mixtures (0:100; 10:90; 15:85). Recrystallization (using 
dichloromethane and petroleum spirits) removed impurities that were still present in the material after 
columning, giving M4 as a pale-yellow solid with a two-step yield of 52%. 
 
 
Scheme 2.27: Synthesis of 45. 
 
When attempting to polymerize M4 using 1 mol% Grubb’s III catalyst no reaction was 
observed. Given that the same problem was encountered when polymerizing the monomer M3 
(section 2.4), the optimized polymerization conditions for P3 were tried for M4. These conditions 
were successful and are as follows: 5 mol% Grubbs’ III catalyst, tetrahydrofuran as solvent and a 
reaction time of 1.75 hours at room temperature. Prior to addition of the catalyst the reaction vessel 
was freeze pump thawed 3 times, before backfilling with argon and the reaction was conducted in the 
dark. After quenching with ethyl vinyl ether, the reaction mixture was pipetted into methanol and the 
precipitate filtered and washed with methanol. Two further reprecipitations were required, each 
involving dissolving the material in dichloromethane, pipetting into methanol, then filtering the 
precipitate and washing with methanol. The product was ground using mortar and pestle, then left to 
dry under high vacuum at 50 °C for 2 days. P4 was obtained as a pale green solid in a yield of 56%. 
The Dispersity of P4 was 1.3, which was typical for the polymers formed in this work. The weight 
average molecular weight was 23,719 and the number average molecular weight was 18,328, 
indicating a degree of polymerization of approximately 13. The relatively low DP is likely to be 
caused by the relatively high catalyst loading and the steric hindrance of the monomer. 
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Scheme 2.28: Synthesis of M4. 
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Scheme 2.29: Polymerization of M4. 
 
 
2.6 Physical Properties 
The properties of the monomers and polymers are summarised in Table 2.3. The monomers 
were all crystalline solids and the polymers presented as powders. The yellow colour of M3 and M4 
may have been due to slight decomposition, as it was noted that the monomers tended to show 
decomposition when left in chlorinated solvents. The minor coloration of the polymers may have 
been due to retention of some of the catalyst material. However, no presence of catalyst was observed 
with any of the methods used to asses purity, such as GPC, NMR, UV-Vis and EA. This suggests that 
if residual catalyst was present in the samples, the amount was too small to be visible via the methods 
used.  
Thermogravimetric analysis (TGA) revealed that each polymer showed a 5% loss of mass at 
temperatures of over 400 °C (Figure 2.5), meaning they were very stable to high temperatures under 
inert atmospheres. Differential scanning calorimetry (DSC) showed no thermal transition features for 
the polymers in the temperature range of -20 °C to 240 °C, which was in accordance with the polymers 
being amorphous solids at room temperature.  
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Figure 2.5: TGA thermograms for P1-4 from 30-800 °C at a rate of 10 °C/min. Thermal decomposition temperature 
(Td) is quoted from a 5% loss in sample mass. 
 
 
 
 
2.7 Gel Permeation Chromatography 
Gel permeation chromatography (GPC) for P1-4 samples (1mg/mL of polymer in freshly 
distilled tetrahydrofuran) was carried out at the Australian National Fabrication Facility Queensland 
Node (ANFF-Q). A 1515 isocratic pump (Waters), a 717 autosampler (Waters) and Styragel HT 3 
Table 2.3: Appearance of materials M1-4 and P1-4 and solubilities in various solvents. 
Compound Appearance Soluble Limited 
Solubility 
M1 white crystalline solid DCM, CHCl3, 
THF, toluene, 
ethyl acetate, 
acetone 
MeOH, petroleum 
ether M2 white crystalline solid 
M3 yellow crystalline solid 
M4 pale yellow crystalline solid 
P1 grey powder DCM, CHCl3, 
THF, 
toluene 
MeOH, petroleum 
ether, acetone. P2 light green powder 
P3 green powder 
P4 light green powder 
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and Styragel HT 6E columns (Waters) (300 mm + 300 mm lengths, 7.8 mm diameter) were used. The 
GPC was calibrated with polystyrene standards (Shodex) (Mp = 1.20 × 103 to 1.32 × 106) and run in 
series in tetrahydrofuran with toluene as flow marker. The tetrahydrofuran was pumped at a rate of 1 
mL min-1 at 40 °C. 
Most of the polymers showed polydispersities close to 1. The first polymerization for P1 
resulted in a material with a large polydispersity as well as a relatively high molecular weight. This 
was attributed to degradation of the catalyst, giving rise to lower catalyst loading. Subsequently, 
freshly prepared Grubb’s catalyst was employed for all reactions. The impurities in the catalyst may 
also have led to premature termination, increasing the relative proportions of chains that are shorter 
than others and increasing polydispersity. This would account for a large polydispersity in the first 
batch of P1. 
 
Table 2.4: Summary of GPC data for P1-4. 
 ?̅?𝒏 ?̅?𝒘 Đ Catalyst ratio 
(mol %) 
𝐷𝑃̅̅ ̅̅  
P1 (First) 101694 173931 3.78 1 158 
P1 (Second) 38813 68917 1.78 1 60 
P2 136793 190255 1.39 1 156 
P3 25121 35157 1.40 5 14 
P4 18328 23719 1.29 5 13 
 
The degree of polymerization (𝐷𝑃̅̅ ̅̅ ) for the first batch P1 was also quite high – given the ratio 
of catalyst was 1 mol %, the expected 𝐷𝑃̅̅ ̅̅  would be 100. The 𝐷𝑃̅̅ ̅̅ , which is a measure of polymer 
chain length, is calculated as follows: 
 
𝐷𝑃̅̅ ̅̅  =  
?̅?𝑛
𝑀𝑜𝑛𝑜𝑚𝑒𝑟 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡
       (2.2) 
 
A longer chain length (higher𝐷𝑃̅̅ ̅̅ ) makes for a more gel-like polymer and better film 
formation. However if the polymer is too long then a decrease in solubility may occur, hence why the 
desired chain length is roughly 100. The 𝐷𝑃̅̅ ̅̅  of P2 was also high, this may have been due to the scale 
this reaction was done on. Roughly 1.7 mmol of monomer were used for this reaction, whereas the 
other reactions used monomer amounts of between 0.2 and 0.6 mmol. The catalyst to monomer ratio 
was 1% for the polymerizations of P1 and P2, so it is possible that the differences in chain length 
could have arisen from scale. The larger scale reaction required more solvent, which if not completely 
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de-oxygenated, may have led to decomposition of the catalyst during the reaction. The second batch 
of P1 had an average chain length of about 60, which is lower than expected for a 1 mol % catalyst 
ratio. There is the possibility that this reaction was terminated prematurely, that is, before all the 
monomer had been used up. For this reaction 281mg of monomer was used, yet only 203mg of 
polymer was obtained, which is in accordance with the polymerization not having used up all the 
monomer. Given the time constraints, further optimization of the polymerization reactions were not 
explored.  
P3 and P4 proved difficult to polymerize using only 1 mol % catalyst, so the amount of 
catalyst was increased to 2 mol % which again resulted in no polymerization. Polymerization was 
successful a 5 mol %, which resulted in polymers of a much smaller chain length. It appears that 
monomers M3 and M4 were not particularly favourable for polymerization using the Grubb’s III 
catalyst, which may have been due to steric hinderance as these monomers had bulkier dendron 
structures than M1 and M2.  
 
2.8 Electrochemical Properties  
Measuring the electrochemical properties of the materials offers insight into their relative 
energy levels. Given that the mechanism of sensing is via oxidative fluorescence quenching, this 
information is key in assessing the suitability of the materials as sensors.  Cyclic voltammetry was 
employed to measure first oxidation potential and the first reduction potential of the materials, as 
these are the most relevant to the sensing process. Using the cyclic voltammetry data, the ionization 
potential and electron affinity for the materials can be estimated as follows46: 
 
𝐼𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑉 =  𝐸1/2𝑜𝑥(1)  +  4.80 𝑉     (2.3)
 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑎𝑓𝑓𝑖𝑛𝑖𝑡𝑦 𝑒𝑉 =  𝐸1/2𝑟𝑒𝑑(1)  +  4.80 𝑉     (2.4) 
 
If the electron affinity of the sensing material is less than that of the analyte, then it is 
conceivable that electron transfer could readily occur from the excited state chromophore of the 
sensing material, to the LUMO of the analyte. Subtraction of the electron affinity from the ionization 
potential yields the electrochemical gap.  The electrochemical gap can be considered as the total of 
the electron-hole binding energy and the optical gap, which is the energy of the lowest electronic 
transition accessible via absorption of a single photon.46  
Shown in Figure 2.6 are the oxidation cyclic voltammograms for each monomer-polymer pair 
referenced against the ferrocene/ferrocenium couple, with the results summarized in Table 2.5. 
Oxidation potentials for all compounds were measured in anhydrous dichloromethane. For each 
monomer-polymer pair, there was a shift to a more positive oxidation potential when going from 
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monomer to polymer. The monomers exhibited oxidation potentials of approximately 0.17 and the 
polymers showed oxidation potentials between 0.25 and 0.29 V. Given that oxidation is the loss of 
electron, the process captured by the cyclic voltammogram is considered as an electron being 
removed from the highest occupied molecular orbital (HOMO). The oxidation process was 
chemically reversible for all materials. 
 
 
Figure 2.6: Cyclic voltammograms for oxidations of P1-4 (solid lines) and their corresponding monomers M1-4 
(dashed lines). 
 
Triphenylamine compounds are readily oxidizable, hence obtaining oxidation potentials 
within the scanned range was viable. However, reliable results for the reduction potentials were not 
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obtained for all materials. Given the large optical gaps of these blue emissive materials, the elusive 
reduction potentials may lie beyond the most negative potential (-3275 mV) of the cyclic voltammetry 
scan range. Despite the lack of adequate reduction potential data, it is still possible to estimate the 
electron affinities of the materials by using their optical gap and their ionization potentials (calculated 
from the oxidation potential results as per equation 2.3). 
The optical gap of a molecule corresponds to the energy of the lowest electronic transition 
accessible via the absorption of a photon.46 For most fluorophores the emission spectrum is the mirror 
image of the S0 → S1 absorption. To calculate the optical gap using the mirror-image rule, the 
absorption and emission spectra were first represented in appropriate units by conversion to electron 
volts (eV). The absorption spectra were normalised according to equation 2.5 and the emission spectra 
were normalised according to equation 2.6, where 𝜀(𝐸 ) is the extinction coefficient at energy E and 
PL(E) is the emission. The closest symmetry should exist between these modified spectra46 (Figure 
2.7), and the optical gap was taken from the midpoint between the 0-0 transition of said spectra. 
Results are summarized in Table 2.5. 
 
Normalized absorbance = 𝜀(E )/E       (2.5) 
Normalised emission = 𝑃𝐿(𝐸)/𝐸       (2.6) 
 
 
Figure 2.7: Representative data showing normalised solution absorption (blue) and emission (red) spectra for M1 in 
toluene. The optical gap is taken from the midpoint between the 0-0 transition, shown by the arrow. 
 
M1-4 and P1-4 did not show an appreciable change in their optical gap when going from 
monomer to poly(dendrimer), suggesting that monomer and poly(dendrimer) may have similar 
sensing properties. The materials show a trend for decreasing optical gap in the order 
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M1>M2>M3≈M4 and P1>P2>P3≈P4, which is in accordance with the increase in conjugation of 
their chromophores.  
The electron affinities of M1-4 and P1-4, are less than that of DNT and DMNB, indicating 
that they would be suitable as sensors for these analytes. For example, when an electron is excited to 
the LUMO of the material, it can be readily transferred to the lower lying LUMO of DNT/DMNB 
then decay non-radiatively. 
 
Table 2.5: Summary of the calculated optical gap, ionization potential, and 
electron affinity for M1-4 and P1-4. Electron affinity values denoted (a) were 
calculated from their ionization potential minus optical gap. Included are the 
ionization potential an electron affinity of DMNB47 and DNT47. 
 E1/2ox 
(eV) 
Optical 
Gap 
Ionization 
Potential 
Electron 
Affinity 
DMNB   8.4 2.6 
DNT   8.3 3.1 
M1 0.17 3.34 5.0 1.7a 
P1 0.29 3.38 5.1 1.7a 
M2 0.17 3.23 5.0 1.8a 
P2 0.25 3.18 5.1 1.9a 
M3 0.17 3.08 5.0 1.9a 
P3 0.25 3.12 5.1 2.0a 
M4 0.16 3.13 5.0 1.9a 
P4 0.23 3.10 5.1 2.0a 
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Figure 2.8: Summary of the ionization potential and electron affinity levels of M1-4 and P1-4, and common analytes 
(DMNB47 and DNT47). The dotted arrow represents an energetically viable oxidative fluorescence quenching process of 
P4 by DMNB.  
 
 
2.9 Optical Properties 
Shown in Figure 2.9 are the normalised absorbance spectra of all materials in toluene, which 
show a peak absorption in the 300-400nm (blue) range. In each case, with the exception of the M1/P1 
pair, the absorption spectra of the monomer and polymer pairs are very similar, suggesting that 
interchromophore interactions are not significantly altering the properties of these materials. For P1 
the absorbance is blue shifted by ~10 nm relative to monomer. This could be due the chromophore 
being restricted, or the polymer existing in a twisted conformation in the toluene solution. Another 
notable feature of the absorbance spectra is a red-shift in the onset and peak of the absorbance of the 
monomers in the order M4 ≈ M3 > M2 > M1, where M4 is the most red-shifted and M1 is the least 
red-shifted. This is also seen for the polymers in the order P4 ≈ P3 > P2 > P1. In each set the red-
shift of absorbance is in accordance with increasing conjugation of the chromophore.  
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Figure 2.9: Normalised absorbance spectra of P1-P4 (solid lines) and corresponding monomers (dashed lines) in 
toluene. 
 
Figure 2.10 shows the normalised PL intensity for M1-4 and P1-4, in toluene solution. While 
the absorption did not change very much for the monomer to polymer for most materials, the PL does 
change – there is an increase in Stokes shift when going from monomer to polymer. The 
chromophores of the monomers are symmetrical, planar, and rigid, so there is no change in shape 
from excited to ground state, hence a tiny Stokes shift. The more a molecule differs in conformation 
between the excited state and ground state, the larger the expected Stokes shift. So, the results suggest 
that the polymers undergo greater conformational changes in going from ground state to excited state, 
than monomers. There is also a small amount of broadening in going from monomer to polymer.  
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Figure 2.10: Normalised PL intensity for P1-4 (solid lines) and M1-4 (dashed lines) in toluene solution. The excitation 
wavelength used was 310 nm. 
 
The PL spectra of the polymers show a red-shift of emission when going from solution to 
film, indicating that intermolecular interactions caused a change in emission. There is also a 
broadening of PL when going from solution to film, which reflects increased conformational disorder 
in films. The spectra largely do not show strong features in terms of peaks and shoulders. 
As fluorescence-based sensing materials a high PLQY is beneficial as it allows a high signal 
to be achieved in a detector, even with a thin film. Comparisons between the monomer and 
corresponding polymer in solution provide an indication of how strong intramolecular interactions 
are. The strength of intermolecular interactions of the polymers can be assessed by comparing 
solution and film PLQY measurements. The PL measurements in solution were referenced against 
quinine sulfate in 0.5M sulfuric acid (PLQY = 55% 167, 168) with an excitation wavelength of 310 
nm. The solution PL measurements showed a decrease in PL when going from monomer to polymer, 
meaning intrapolymer interchromophore interactions were causing quenching. 
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Figure 2.11: Normalised PL spectra for P1-4 films (solid line) and P1-4 in toluene (dashed). The excitation wavelength 
used was 325 nm. 
  
 
 
Figure 2.12: Normalised absorbance (dashed lines) and PL intensity (solid lines) of P1-4 in toluene solution. 
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Table 2.6: PLQY data for P1-4. 
 P1 P2 P3 P4 
Monomer 
Solution 
PLQY (%) 
44 ± 4 66 ± 7 70 ± 7 70 ± 7 
Solution 
PLQY (%)* 
23 ± 2 59 ± 6 58 ± 6 66 ± 7 
Film PLQY 
(%) 
10 ± 3 19 ± 4 9 ± 1 12 ± 3 
*
Solution PLQY measured relative to quinine sulfate. 
 
The solution PLQY tended to decrease when going from monomer to polymer, suggesting 
quenching was occurring via intramolecular interchromophore interactions. The quenching was most 
notable for the M1 and P1 pair. P1 was not as readily soluble in toluene as the other polymers, so it 
may have been the case that the polymer chains existed more tightly coiled in solution, thus leading 
to more interchromophore quenching as the chromophores would have been in closer contact with 
one another. 
Comparison of the solution PLQY with film PLQY showed smaller values for films, which 
suggested quenching was occurring via interpolymer interchromophore interactions. However, the 
PL of each film was still high enough for quenching response to be observable. This phenomenon 
was more pronounced with P3 and P4 than P1 and P2, which may have been due to increased pi-
stacking concurrent with an increase in conjugation in the chromophores. 
  
2.10 Conclusions 
In conclusion, four different poly(dendrimer)s have been formed that contain the same basic 
polymer backbone but differing chromophores. The materials showed high thermal stability as they 
did not start to decompose until subjected to temperatures of roughly 400 °C. Their wavelengths of 
absorbance and emission were all in the blue region, which is advantageous as all photo-detectors are 
sensitive in the blue range. The PLQYs of the materials were also adequate for use in sensing devices. 
The next chapters will describe their properties and their ability to sensing nitro-based explosives and 
taggants. 
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3 Evaluation of poly(dendrimer) sensing performance 
in solution 
3.1 Background 
Evaluating and comparing the performance of sensing materials with a range of analytes can 
be quite challenging, particularly in the solid state where it is hard to quantify how much analyte is 
in the film and therefore how efficient the quenching is.11, 16 In a film the molecules are in close 
contact with one another, resulting in intermolecular interactions that will affect the quenching 
response by allowing excitations to migrate between molecules.48 Furthermore, the capability of the 
analyte to diffuse and penetrate into the film and the mechanism by which that process occurs will 
also be unknown. Hence, solution-based quenching measurements are often used to investigate the 
quenching behaviour between sensor and analyte as they allow easy control of the concentrations of 
both the sensor and the analyte.49 As the sensing molecule concentrations required for such 
measurements are very dilute the impact of intermolecular interactions between the sensing molecules 
can generally be neglected so the measured response can be directly attributed to sensor-analyte 
interactions. Crucially, the results from solution-based measurements can be easily compared 
between different sensing materials, providing a potential platform upon which to evaluate novel 
materials. 
The most widely used experimental method for quantifying the sensing performance of 
different material-analyte combinations in solution are Stern-Volmer measurements.12, 25 The Stern-
Volmer constant, 𝐾𝑆𝑉, is used to quantify the efficiency of quenching relative to the concentration of 
the analyte. A larger 𝐾𝑆𝑉 reflects a stronger fluorescence quenching response. This relatively 
straightforward method has been used to investigate the quenching ability of a wide range of 
explosive analytes and taggants with a variety of materials such as small molecules50, 51, dendrimers52, 
53, functionalized nanoparticles54, 55, and polymers49, 56.  
Conjugated polymers, such as poly(phenylethynylene) derivates synthesised by Swager et al., 
were among the first materials designed for the detection of nitro-containing explosives. One of the 
reasons for developing sensing materials based on conjugated polymers is that they can have multiple 
excitons along the conjugated polymer backbone quenched by one analyte molecule through exciton 
migration along the polymeric chain. Some of Swager’s earlier work involved linking cyclophane-
based chromophoric receptors along a poly(p-phenyleneethynylene) conjugated backbone, two of 
which are shown in Figure 3.1. 
Solution quenching measurements of these materials, using paraquat as the analyte, yielded 
𝐾𝑆𝑉 values that were 2.6 to 65 times larger than that of the monomeric receptor 3.1 (1630 M
-1).57 The 
increased quenching responses were attributed to exciton migration along the conjugated polymer 
backbone which in solution was enhanced in longer polymer chains. Polymers of 3.3 showed much 
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higher 𝐾𝑆𝑉 values than polymers of 3.2, which suggested the energy migration in 3.3 was much more 
efficient in this system than it was in 3.2. 
 
 
Figure 3.1: Polymeric cyclophane receptors 3.1 and 3.2, and monomer 3.3 developed by Swager et al.57 
  
The static and dynamic binding constants for the abovementioned materials were measured 
using a combination of steady state and time resolved Stern-Volmer measurements with acetone or 
acetone/tetrahydrofuran as solvents. The large static binding constants for the cyclophane receptor 
containing polymers revealed that the quenching was static in nature; the analyte could bind to any 
receptor site, then an exciton generated on a different chromophore could travel along the conjugated 
backbone and be quenched when it visits the chromophore bound to the analyte. A comparison of the 
𝐾𝑆𝑉 values of these PPEs also revealed a linear increase in quenching response with molecular weight 
up to a critical molecular weight of approximately 130 phenylene ethynylene repeating units,18 
indicating an upper limit on the efficiency of the exciton migration range. If the polymer chains were 
too large, the exciton was not able to reach the quenching site before it decayed back to the 
groundstate. Even though the analyte used in these studies was not an explosive/taggant, this work 
was a precursor to the development of poly(p-phenylenebutadiynylene)s (PDDs) containing iptycene 
units for the detection of explosives including TNT and 2,4-DNT.58  
Shown in Figure 3.2 are three PPDs and one PPE, each containing π-electron rich iptycene 
moieties. Stern-Volmer measurements for 3.4, 3.5 and 3.6 revealed that these polymers exhibited 
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minimal values for dynamic quenching constants meaning quenching occurred primarily via a static 
mechanism (for the analytes tested). This contrasted with the response of 3.7 to 2,4-DNT, which 
encompassed a more balanced combination of static and collisional quenching. The larger static 
quenching constants exhibited by the PPDs suggested a greater tendency for PDDs to complex the 
electron deficient analytes via electrostatic and/or π-π stacking interactions.58  
 
 
Figure 3.2: Iptycene-containing PPDs 3.4, 3.5 and 3.6 and PPE  3.7 developed by Swager et al.58 
 
The enhancement that was observed between the monomer and the polymer was observed in 
solution-based measurements and are therefore indicative of intra-polymer exciton migration. At the 
time it was proposed that the enhancement observed in solutions-based measurements would carry 
through to the solid state. As a result, conjugated polymers for sensing are often described as 
“amplifying fluorescent polymers”. As a result of this work there is also a common belief in the 
literature that this effect indicates that conjugated polymers offer an intrinsic advantage for sensing 
over smaller monodisperse systems.59 
 70 
 
Small molecule based fluorescent sensors are potentially attractive as sensing materials due 
to their straightforward synthesis, easy purification, reproducibility and high quantum yield.25 For 
instance, pyrene and its derivatives have been reported to show quenching of nitroaromatic 
compounds with Stern-Volmer quenching constants on the order of 1000-3000 M-1. Sankarasekaran 
et al. synthesized a series of pyrene derivatives for detection of nitroaromatic explosives, two of 
which are shown in Figure 3.3. 3.9 was reported to have a Stern-Volmer constant (𝐾𝑆𝑉) of 3,900 M
-
1 with 2,4-DNT, which is an impurity from the synthesis of TNT and one of the most widely used 
TNT analogues and targets. The compound 3.8 (Figure 3.3) had a of 𝐾𝑆𝑉1200 M
-1 for quenching by 
DNT, which was attributed to 3.9 having more π conjugation than 3.8.26, 60  
  
 
Figure 3.3: Pyrene based sensing materials. 
 
Shown in Figure 3.4 is a triphenylamine based dendrimer 3.10, comprised of the 
triphenylamine core, bithiophene linkers, branching phenyl units and 2-ethylhexyloxy surface groups. 
This material showed a quenching response to a range of explosive analytes and taggants two of 
which were 2,4-DNT; 𝐾𝑆𝑉 = 70 M
-1 and DMNB 𝐾𝑆𝑉 = 38 M
-1 (one of the highest reported responses 
for DMNB).61 The good detection of DMNB was ascribed to the relatively high proportion of static 
quenching, as well as an adequate excited lifetime.61 The KSV values for the triphenylamine dendrimer 
are much smaller than those of the pyrene derivatives. While this would appear to suggest that the 
pyrene structures are more strongly quenched and are therefore better sensors, this may not be the 
case. Instead, the strong decrease in the PL with analyte addition may be due to overlap in the 
absorption of the sensing material and the analyte.62 These effects will be described in more detail in 
section 3.3. To summarize, when there is strong overlap in the absorption the decrease in the 
fluorescence will be due to quenching by the analyte, absorption of the excitation by the analyte and 
absorption of the PL by the analyte. If these are not accounted for, then the measured Stern-Volmer 
constant will be much greater than the actual value, a common mistake in literature.  
 71 
 
The emission of small molecule sensors is quenched in stoichiometrically, with one 
chromophore being quenched per analyte molecule. This is not unexpected as small molecule sensors 
typically feature a single chromophore. However, what happens when a molecule contains multiple 
chromophores? Some of the earliest studies in the field sought to answer this question by comparing 
the 𝐾𝑆𝑉 of a small molecule chromophore with conjugated polymers featuring the same chromophore 
as the repeat unit. They observed that the conjugated polymers exhibited an enhanced quenching 
response relative to that of the corresponding monomeric material.63  
  
 
Figure 3.4: Dendritic triphenylamine-based structure, where R = 2-ethylhexyl.63 
 
Polymers without conjugated backbones have also been known to show an enhanced 
quenching response. Förster processes (dipole - dipole interactions) are well-known means of energy 
migration in non-conjugated polymers. Some polymers show a greater quenching effect in the solid 
state than solution, due to aggregation induced emission.64  
Most polymers used for the detection of explosives feature a conjugated backbone. In contrast, 
the polymers in this study feature dendritic triphenylamine based chromophores linked together via 
a non-conjugated polymer backbone. There are a small number of reports of sensing materials with a 
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similar design philosophy. For example, Li and co-workers65 synthesized a series of 
tetraphenylethylene polyacrylate side-chain polymers (Figure 3.5) and discovered enhanced solid 
state emission as the distance between each chromophore was reduced. Although these polymers had 
high PL yields in the solid state and showed a good quenching response to TNT, they were almost 
non-fluorescent in solution. This was partially attributed to a lack of intramolecular rotation in the 
solid state due to bulky side-chains being near one another along the polymer back-bone.65 
 
 
Figure 3.5: Tetraphenylethylene polyacrylate side-chain polymers where m = 1 to 5.65 
 
The materials in this study were designed to incorporate features that have been shown to 
increase the quenching sensitivity and selectivity for nitro-based explosives analytes and taggants, 
namely good luminescence, long PL lifetime and selectivity towards nitro-organic compounds. 
Branching from the triphenylamine centres are conjugated, π electron rich side-chains to attract the 
electron-deficient nitro-compounds. The suite of materials developed incorporates 4 monomers and 
4 corresponding non-conjugated polymers (Error! Reference source not found.). Due to the absence o
f the conjugated backbone these materials are expected to differ from the conventional conjugated 
polymeric materials. However, while conjugated polymers typically provide a distribution of 
chromophores of varying conjugation lengths, each polymer designed for this study will feature 
chromophores with a defined conjugation length. 
As mentioned in Chapter 1, the design of the chromophores of these materials, was inspired 
by work done by Geng et al. who reported a series of triphenylamine based dendrimers which were 
shown to selectively detect vapours of explosives and taggants, the most salient of which is shown in 
Figure 1.14 (Chapter 1), via an oxidative quenching mechanism.31 It is widely accepted that there are 
certain criteria essential to developing effective sensing materials. One such criterion is the energetics 
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of the system; the analyte material should be able to accept an electron from the sensing material. In 
other words, the difference in reduction potentials of the analyte and sensing material, should be 
greater than the exciton binding energy.31 Non-binding electrostatic interactions between sensor and 
analyte are also considered important for a rapid response to analytes.66 Materials that are apt that 
produce porous films have also been deemed conducive towards analyte absorption and diffusion.66 
A high affinity of a sensing material to an analyte in solution may translate to a strong quenching 
response in the solid state, hence the use of solution based quenching measurements. 
Solution based quenching measurements on these materials were conducted to ascertain how 
efficiently the materials were quenched by compounds such as DMNB and DNT. In addition, these 
innovative materials also provide a route towards understanding structure-property relationships and 
the properties of the interaction between the sensor and the analyte. This includes, the role of the side-
chains in the quenching response, the impact of a conjugated versus a non-conjugated polymer 
backbone and whether such behaviour is transferred from solution to the solid state. 
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Figure 1.16: Structures of monomers M1-4 and polymers P1-4. Included here for clarity. 
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3.2 Luminescence Quenching in Solution Theory 
The PL intensity of solutions of materials can be measured for varying concentrations of 
analyte to give insight into the quenching efficiency of the analytes for each material.  The two 
mechanisms via which quenching can occur are collisional and static (Figure 3.6). Collisional 
quenching involves a fleeting interaction between the excited state chromophore and quencher, 
resulting in an additional non-radiative decay pathway. 
 
 
 
Figure 3.6: Static quenching involves the analyte, e.g., DNT in this example, binding to the sensing molecule to form a 
non-emissive complex (left). Collisional quenching involves a fleeting interaction between the analyte and sensing 
molecule, while the latter is in the excited state (right). 
 
Under continuous illumination a steady-state approximation can be assumed as the excited 
state fluorophore concentration [𝐹∗] is constant, thus 
𝑑[𝐹∗]
𝑑𝑡
= 0. Equations 3.1 and 3.2 express change 
in fluorescence with respect to time in the absence and presence of a quencher respectively, 
𝑑[𝐹∗]
𝑑𝑡
= 𝑓(𝑡) −  𝜏0
−1[𝐹∗]0 = 0        (3.1) 
𝑑[𝐹∗]
𝑑𝑡
= 𝑓(𝑡) −  (𝜏0
−1 + 𝑘𝑞[𝑄])[𝐹
∗]0 = 0      (3.2) 
where 𝑓(𝑡) is the constant excitation function, and 𝜏0
−1 is the inverse of the natural lifetime of the 
fluorophore. 𝑘𝑞 is the bimolecular collisional rate constant for fluorescence decay in the presence of 
a quencher, and [𝑄] is the quencher concentration. Division of 3.1 by 3.2 gives the Stern-Volmer 
equation as follows: 
 
𝐹0
𝐹
=  
𝜏0
−1+ 𝑘𝑞[𝑄]
𝜏0
−1          
= 1 +  𝑘𝑞𝜏0[𝑄]         (3.3) 
= 1 +  𝐾𝐶[𝑄] 
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where 𝐹0 and 𝐹 are the PL intensities in the absence and presence of the quencher respectively, and 
𝐾𝐶  is the collisional Stern-Volmer constant. Given that collisional quenching is a process that 
depopulates the excited state, the lifetime in the absence (𝜏0) and presence (𝜏) of the quencher is given 
by 
𝜏0 = (𝑘𝑅 + 𝑘𝑁𝑅)
−1         (3.4) 
𝜏0 = (𝑘𝑅 + 𝑘𝑁𝑅 +  𝑘𝑞[𝑄])
−1
        (3.5) 
therefore 
𝜏0
𝜏
= 1 +  𝑘𝑞𝜏0[𝑄] 
     = 1 +  𝐾𝐶[𝑄].         (3.6) 
 
A plot of 
𝜏0
𝜏
 or 
𝐹0
𝐹
 versus [𝑄] produces a straight line, the slope of which is 𝐾𝐶, if the system is 
undergoing bimolecular quenching. 𝐾𝐶 is considered a measure of the quenching efficiency of said 
system.  
As mentioned earlier, the other mechanism via which quenching can occur is static quenching. 
This type of quenching occurs when the emissive species and the quencher form a “dark” state 
complex, which upon excitation immediately undergoes non-radiative relaxation back to the ground 
state. The association constant 𝐾𝑆 for such a complex is given by 
𝐾𝑆 =  
[𝐹−𝑄]
[𝐹][𝑄]
          (3.7) 
where [𝐹 − 𝑄] is the concentration of the complex, [𝐹] is the concentration of un-complexed 
chromophore, and [𝑄] is the concentration of the quencher. If the only quenching process occurring 
in the system is static, then the remaining PL intensity 
𝐹0
𝐹
  is given by the fraction of total 
chromophores that are not complexed. The total number of chromophores is given by 
𝐹0 = [𝐹] + [𝐹 − 𝑄]         (3.8) 
which substituted into equation 1.7 gives, 
𝐾𝑆 =  
𝐹0−[𝐹]
[𝐹][𝑄]
=  
𝐹0
[𝐹][𝑄]
−  
1
[𝑄]
.        (3.9) 
Substitution of chromophore concentration for PL intensities and rearrangement of 4.9 yields 
𝐹0
𝐹
 = 1 +  𝐾𝑆[𝑄].         (3.10) 
Therefore, for a simple system undergoing static quenching, a plot of  
𝐹0
𝐹
 versus [𝑄] produces a straight 
line with 𝐾𝑆 as the slope. This is akin to what is observed for collisional quenching, however the static 
quenching constant is also the association constant.  
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It some systems, a combination of static and dynamic quenching occurs and a Stern-Volmer 
plot is apt to exhibit upward curvature, concave to the y-axis. These cases are accounted for by a 
modified version of the Stern-Volmer equation,  
𝐹0
𝐹
 = (1 + 𝐾𝑆[𝑄])(1 + 𝐾𝐶[𝑄])        (3.11) 
which can also be expressed as  
𝐹0
𝐹
 = 1 + (𝐾𝐶 +  𝐾𝑆)[𝑄] +  𝐾𝐶𝐾𝑆[𝑄]
2       (3.12) 
or 
𝐹0
𝐹
 = 1 +  𝐾𝑎𝑝𝑝[𝑄]         (3.13) 
where  
𝐾𝑎𝑝𝑝 = [ 
𝐹0
𝐹
− 1]
1
[𝑄]
=  (𝐾𝐶 +  𝐾𝑆) +  𝐾𝐶𝐾𝑆[𝑄].     (3.14) 
𝐾𝑎𝑝𝑝 is the apparent quenching constant and for low concentrations of quencher the term 𝐾𝐶𝐾𝑆[𝑄] is 
considered negligible, thus  𝐾𝑎𝑝𝑝 is approximated as being equal to (𝐾𝐶 +  𝐾𝑆). This allows for a 
linear plot to be obtained for 
𝐹0
𝐹
 versus [𝑄] with a slope of (𝐾𝐶 +  𝐾𝑆), when steady-state Stern-Volmer 
measurements are done with sufficiently low quencher concentration. The collisional component 𝐾𝐶 
can be obtained using time resolved measurements, then the static component 𝐾𝑆 can be ascertained. 
 
3.3 Steady-state Quenching Experiments and Corrections 
Steady-state quenching experiments were performed on optically dilute toluene solutions of 
the four monomers and four polymers. The analytes were dissolved in solutions containing the same 
concentration (by weight) of polymer or monomer for each pair to ensure that the overall 
concentration of the chromophore did not change during the measurements. The PL intensity of the 
luminescent compounds in solution was measured with successive additions of analyte solutions. 
Stern-Volmer plots were constructed by plotting the PL intensity as a ratio (to the initial PL intensity) 
versus analyte concentration. Concentrations of analyte were chosen such that there was always an 
excess of analyte to chromophore. Degassing of the solutions was not undertaken as dissolved oxygen 
was assumed to have a constant and negligible effect on the quenching measurements given the 
materials were fluorescent.  
The excitation wavelength selected for each sensor material and analyte combination was 
chosen to enable photo-excitation of the sensing material while minimising potential absorption by 
the analyte. Even though the molar extinction coefficient of the analyte might have been low at the 
excitation wavelength as the concentration was high, there was still some absorption by the analyte 
at the excitation wavelength. The direct absorption of the excitation by the analyte meant that fewer 
chromophores would be excited in solution, leading to a reduction in the expected PL intensity with 
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each analyte addition that could be mistaken for quenching. These considerations are rarely discussed 
in the sensors literature and it is not clear whether the presented data has been corrected in that 
literature. 
The details of the correction factors and their derivations are discussed below.62 For a luminescent 
compound in solution the intensity will be given by: 
𝐼0 ∝ 𝑆 ∫ 𝑛(𝑧)𝑑𝑧
𝑧
0
,         (3.15) 
where 𝐼0 is the intensity of the luminescence, 𝑆 is the area of excitation, and 𝑛(𝑧) is the number of 
exited chromophores at a distance 𝑧 into the solution. For low concentrations, 𝑛(𝑧) can be described 
by the Beer-Lambert Law 
𝑛(𝑧) = 𝑛(0)𝑒−𝛼𝑜𝑥,           (3.16) 
where 𝛼0 is the absorption coefficient of the material at the excitation wavelength. Substitution for 
𝑛(𝑧) in equation 3.15 and integration over the path length of the sample, 𝑑, results in the following: 
𝐼0 ∝  
𝑆.𝑛(0)
𝑎0
(1 − 𝑒−𝛼𝑜𝑑) .        (3.17) 
When an absorbing non-emissive analyte, with absorption coefficient 𝛼1, is also present in the 
solution at low enough concentration, 𝑛(𝑧) can be rewritten 
𝑛(𝑧) = 𝑛(0)𝑒−(𝛼𝑜+𝛼1)𝑥.        (3.18) 
Substitution of equation 3.18 into equation 3.15 and integration over the path length 𝑑 yields: 
𝐼𝑄 ∝  
𝑆∙𝑛(0)
(𝑎0+𝑎1)
(1 − 𝑒−(𝛼𝑜+𝛼1)𝑑),        (3.19) 
where 𝐼𝑄 is the PL intensity of the luminescent material in the presence of the second absorbing 
species, i.e. the analyte. The correction factor 𝑦, where 𝐼0 = 𝑦 ×  𝐼𝑄, is used to calculate the effect of 
the analyte on PL intensity due solely to absorption of the excitation. From equations 3.17 and 3.19 
the following is deduced: 
𝑦 =  
𝐼0
𝐼𝑄
=  
𝛼0+𝛼1
𝛼0
(
1−𝑒−𝛼𝑜𝑑
1−𝑒−(𝛼𝑜+𝛼1)𝑑
)       (3.20) 
Substitution for the absorption coefficients with 
α =  
𝐴∙𝑙𝑛10
𝑑
,           (3.21) 
where 𝐴 is the absorbance over path length 𝑑, gives 
𝑦 =  
𝐴0+𝐴1
𝐴0
(
1−10−𝐴𝑜
1−10−(𝐴𝑜+𝐴1)
),        (3.22) 
Where 𝐴0 and 𝐴1 are the absorbance of the luminescent material and analyte respectively. The total 
absorbance of the mixture of the compounds, 𝐴𝑇  =  𝐴0 + 𝐴1, can be substituted into the above 
equation to give the simplified expression: 
𝑦 =  
𝐴𝑇
𝐴0
(
1−10−𝐴𝑜
1−10−𝐴𝑇
).         (3.23) 
 79 
 
𝐴𝑇  and 𝐴0 can be measured directly, hence 𝑦 can be calculated. Multiplication of the PL intensity by 
this correction factor 𝑦 gives the corrected PL intensity.  
An inner filter effect was also present in the quenching measurements due to overlap in the absorption 
and emission of the solutions – this was corrected by division of the observed PL by the transmission 
of the solutions, which was obtained from the absorbance of the solutions. In summary, the correction 
factor for the analyte absorption and the correction for the inner filter effect were applied to all PL 
measurements of the steady-state quenching data before further analysis. 
 
3.4 Steady-state Quenching Results 
The steady-state Stern-Volmer plots for solutions of the monomers and polymers with DNT 
and DMNB are shown in Figure 3.8 and Figure 3.9, respectively. In the case of DNT linear Stern-
Volmer plots 
𝐹0
𝐹
 versus [𝑄] (after the corrections were applied) were obtained for all four monomers, 
and all four polymers. The linear Stern-Volmer data is indicative of a single quenching mechanism 
with the slope equal to the quenching constant 𝐾𝑆𝑉. It is interesting to note that without the corrections 
for absorption of the excitation by the analyte the data appeared to be exponential. Exponential trends 
in Stern-Volmer data are usually attributed to volume quenching, i.e., quenching is enhanced within 
a characteristic volume, and is taken as evidence of an amplification effect for conjugated polymers. 
However, given that it is rarely expressed in the conjugated polymer sensing literature whether the 
Stern-Volmer data has been corrected it is unclear whether most reports of exponential quenching 
trends are reliable.  
The values for the Stern-Volmer constants for the sensing materials with DNT are summarised 
in Table 3.1. The values for the monomers were in the range of 27-59 M-1 while those of the polymers 
were in the range of 49-98 M-1. This data indicates that there is an enhancement in the quenching 
efficiency between the corresponding monomer and the polymer by a factor of 1.5-1.8. The measured 
Stern-Volmer constants appear significantly lower than the highest values reported in the literature, 
which can be on the order of 1-5000 M-1. It is important to note that without the application of the 
correction factors the apparent Stern-Volmer constants can be much greater than the actual values. 
However, the measured values are comparable with those measured previously for the 
triphenylamine-based compounds.31 These results indicate that the incorporation of multiple 
chromophores onto a non-conjugated polymer backbone does lead to an enhancement of the 
quenching efficiency with nitroaromatic analytes. This is consistent with the excitation being able to 
migrate between chromophores along the polymer chain in solution as was originally proposed by 
Swager et al. However, the relative enhancement is much lower than that reported by Swager et al. 
(up to 65 times), which suggests that the efficiency of intramolecular exciton transfer is lower. It 
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should be noted that it is also not clear whether the data by Swager et al. was corrected for analyte 
absorption, which can affect the data for both the monomer and polymer measurements. It is difficult 
to gauge the potential impact of this as the absorbance of the conjugated polymer would be red-shifted 
relative to the monomer, which would result in greater apparent quenching of the monomer. Hence, 
there would be a reduced enhancement in performance of the polymer relative to the monomer.  
 
   
Figure 3.7: Representative PL data showing a decrease in PL with successive additions of DMNB (right) and DNT 
(left) to solutions of M1 (in toluene). The analyte concentrations are shown on the top right of each graph. The analyte 
concentrations are shown on the top right of each graph. The excitation wavelength is 365 nm and the sensor 
concentration is 2.9 nM. 
 
The Stern-Volmer plots for the monomers and polymers with the analyte DMNB are shown 
in Figure 3.9. DMNB is a nitro-aliphatic with lower electron affinity than DNT and no aromatic π-π 
interactions, which typically result in reduced quenching efficiency and lower 𝐾𝑆𝑉 values. All 
materials except for P4 showed a linear relationship between 
𝐹0
𝐹
 and [𝑄] at the concentrations used. 
The plot for P4 and DMNB showed a slight downward curvature. This phenomenon could be due to 
the presence of two populations of chromophores, one which is accessible and one which is buried.12 
Hence, the quenching efficiency appears to saturate as the analyte concentration is increased. The 
chromophores of P4 contained two fluorene moieties branching off each of the two phenyl groups – 
a highly conjugated and bulky structure.  
The steady-state Stern-Volmer measurements do not provide any information on the exact 
mechanism of the quenching interaction, specifically whether it is the result of a static or collisional 
interaction with the analyte. To determine the nature of the quenching interactions, time-resolved 
measurements of the fluorescence were performed.  
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Figure 3.8: Representative Stern-Volmer plots for the quenching of the photoluminescence of P1-4 (red diamonds) and 
the corresponding monomers M1-4 (blue trianges) by DNT. The fluorophore concentrations used were 0.0035 M, 
0.0023 M, 0.0010 M and 0.00081 M for M1, M2, M2 and M4, respectively, and 1.3 mg/mL, 2.7 mg/mL, 1.9 mg/mL 
and 1.1 mg/mL for P1, P2, P3 and P4, respectively. The excitation wavelengths used were 365 nm for M1 and 385 nm 
for M2-4, and 365 nm, 385 nm, 405 nm and 385 nm for P1, P2, P3 and P4, respectively. The emission wavelengths 
being monitored were 375 – 600 nm, 390 – 600 nm, 360 – 600 nm and 390 – 600 nm for M1, M2, M2 and M4, 
respectively, and 375 – 600 nm for P1 and 390 – 600 nm for P2-4.” 
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Figure 3.9: Representative Stern-Volmer plots for the quenching of the photoluminescence of P1-4 (red diamonds) and 
the corresponding monomers M1-4 (blue trianges) by DMNB. The fluorophore concentrations used are 0.0035 M, 
0.0023 M, 0.0010 M and 0.00081 M for M1, M2, M2 and M4, respectively, and 1.3 mg/mL, 2.7 mg/mL, 1.9 mg/mL 
and 1.1 mg/mL for P1, P2, P3 and P4, respectively. The excitation wavelengths used were 365 nm for M1 and 385 nm 
for M2-4, and 365 nm, 385 nm, 405 nm and 385 nm for P1, P2, P3 and P4, respectively. The emission wavelengths 
being monitored were 375 – 600 nm, 390 – 600 nm, 360 – 600 nm and 390 – 600 nm for M1, M2, M2 and M4, 
respectively, and 375 – 600 nm for P1 and 390 – 600 nm for P2-4.” 
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Table 3.1: Steady-state Stern-Volmer constants for the monomers 
M1-4 and polymers P1-4 measured in toluene. 
 KSV (M-1) 
 DNT DMNB 
M1 59 (± 9) 29 (± 1) 
M2 50 (± 3) 24 (± 1) 
M3 27 (± 6) 17 (± 1) 
M4 27 (± 3) 13 (±1) 
P1 98 (± 9) 54 (± 1) 
P2 62 (± 6) 32 (± 1) 
P3 43 (± 2) 20 (± 1) 
P4 49 (± 5) 23 (±1) 
 
 
3.5 Time resolved quenching experiments 
For bimolecular quenching of the fluorescence, such as that between a small molecule and 
analyte, the interactions can be considered as being either static or collisional. The presence of 
collisional quenching can be confirmed using time-resolved measurements of the photoluminescence. 
This is because collisional quenching results in an additional decay route for the chromophore beyond 
the intrinsic radiative and non-radiative decay pathways shortening the excited state lifetime of the 
material with increasing analyte concentration. This interpretation is typically used for assigning the 
sensing mechanism in single chromophore systems. However, the interactions between the analyte 
and the conjugated polymer are not as simple to define since an excitation could migrate along the 
polymer before being quenched by a bound analyte further along the chain. This process would also 
result in a decrease of the PL lifetime even when the analyte is bound to the polymer, hence, the 
interaction may appear collisional when this is not quite the case. Hence, multiple mechanisms would 
result in a decrease in the lifetime of the sensing polymer in the presence of analyte. Conversely the 
fluorescence of multiple chromophores adjacent to the analyte binding site may be completely 
quenched, potentially resulting in an overestimation of the degree of static quenching exhibited by a 
particular sensing material to an analyte. 
Thus, for polymeric systems it may be more appropriate to refer to quenching that effects the 
PL lifetime as “dynamic” instead of “collisional”. The quenching that does not have an observable 
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effect on the PL lifetime of the polymers may be better described as “instantaneous” as opposed to 
“static”. 
The method employed for performing the time-resolved Stern-Volmer measurements was 
similar to that of the steady-state measurements with the PL lifetime measured instead of the PL 
intensity as a function of analyte concentration. The concentration of the analyte was also higher than 
that for the steady-state measurements since corrections for absorption of the excitation by the analyte 
are not required. Time-resolved photoluminescence measurements were performed with the TCSPC 
capability of a Fluorolog 3 system. The excitation source was a 372 nm or 441 nm pulsed LED. The 
instrument response function (IRF) was measured with a Ludox solution and was found to be about 
1 ns duration.  
 
3.6 Time resolved quenching results 
The PL lifetimes of the solutions were determined by fitting to the data with an exponential 
decay function convolved with the IRF. The lifetimes of the materials are summarised in Table 3.2. 
The lifetimes of the polymers were all over 1 ns – a promising feature for sensing materials as a long 
PL lifetime gives the excited chromophores more time to transfer the electron between the 
chromophores and the analyte. With the exception of P1, all the polymers featured a longer excited 
state lifetime than the monomer, which would contribute towards the enhanced performance observed 
in the polymers relative to the monomers. All the sensing materials exhibited a decrease in the PL 
lifetime upon addition of DNT and DMNB, indicating that dynamic quenching is occurring.  
 
Figure 3.10: Representative time-correlated single photon counting (TCSPC) data, showing the PL decays (symbols) 
and fits (lines) for P1 quenched by DMNB and DNT. DMNB: 0 M (circle), 0.004 M (triangle), 0.008 M (square); DNT: 
0 M (circle), 0.002 M (triangle), 0.005 M (square). 
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Stern-Volmer plots, based on the changes to the PL lifetime, for the monomers and polymers 
with DMNB and DNT are shown in Figure 3.11 and Figure 3.12, respectively, with the data 
summarised in Table 3.2. In the case of DNT, the dynamic Stern-Volmer constant 𝐾𝐶 was higher in 
the polymer versus the monomers. As the monomers are single chromophores the Stern-Volmer can 
be completely assigned to “true” collisional quenching. Hence, the change in the dynamic Stern-
Volmer constant 𝐾𝐶  between the monomer and the polymer can potentially be attributed to exciton 
diffusion mediated quenching.  The values of the dynamic Stern-Volmer constants are comparable 
for all the polymers, whereas for the monomer M1 it appears to be significantly lower. As discussed 
in section 3.2, a plot of 
𝜏0
𝜏
 versus [𝑄] gives a linear regression with the slope being equal to 𝐾𝐶, the 
collisional quenching constant.  
Shown in Figure 3.13 are plots for the solution quenching responses for all the materials. The 
top plot shows the data for quenching by DNT and the bottom shows the quenching results for 
DMNB. The monomer responses to DMNB show a trend of decreasing response in the order M1 > 
M2 > M3 > M4. There is an increase in conjugation when going from M1 to M4, which suggests 
increasing conjugation does not enhance the response of the monomeric materials to DMNB; the 
quenching response appears diminished with increasing conjugation. The quenching response for all 
monomers has a larger dynamic than static component.  
When going from monomer to polymer, there is an increase in quenching response to DMNB 
for each pair, for example P1 shows a greater quenching response than M1. Specifically, there was a 
marked increase in the dynamic quenching component when going from monomer to polymer, which 
indicated that there was some intrapolymer exciton transfer leading to more efficient dynamic 
quenching. The backbones of the polymers are not conjugated, thus do not participate in exciton 
migration. Therefore, the enhanced quenching response was likely due to Förster resonance energy 
transfer (FRET) between chromophores. The static quenching component for DMNB also increased 
when going from monomer to polymer. This may have been due to DMNB being a small molecule 
that is able to penetrate the bulky chromophores to bind and form a dark complex. 
Another striking feature of the DMNB quenching results was the magnitude of the dynamic 
quenching constant for P1 and DMNB, which is amongst the highest ever reported. The high dynamic 
quenching constant suggests that either charge transfer between the P1 and DMNB is efficient or 
could also be due to greater binding of the DMNB with P1.   
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Figure 3.11: Representative Stern-Volmer plots for time-resolved quenching of P1-4 (red diamonds) and corresponding 
monomers M1-4 (blue trianges) by DMNB. The fluorophore concentrations used were 0.0020 M, 0.0023 M, 0.0010 M 
and 0.00073 M for M1, M2, M2 and M4, respectively, and 1.3 mg/mL, 2.7 mg/mL, 1.9 mg/mL and 1.1 mg/mL for P1, 
P2, P3 and P4, respectively. The excitation wavelengths used was 372 nm for M1-4 and P1-4. The emission 
wavelengths being monitored were 398 nm, 418 nm, 428 nm and 430 nm for M1, M2, M2 and M4, respectively, and 
408 nm, 431 nm, 437 nm and 439 nm for P1, P2, P3 and P4, respectively. 
 
The results for quenching of the monomers by DNT show a similar trend to those of DMNB 
in that there is an overall decrease in the quenching response when going from M1 to M4. It is 
interesting to note that the dynamic component for M2, M3 and M4 were similar and greater than 
that of M1 which suggests there is greater instantaneous quenching with M1. It may be the case that 
the incorporation of fluorene moieties in the chromophore structure changes where the DNT binds 
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with the preference not being the fluorene moieties. This could explain why the quenching constant 
for M1 is greater than those of M2-4 - it may be the case that for M1 the DNT binds to the core rather 
than the fluorenyl-containing component, but in M2-4 it interacts with these latter components. 
 
 
Figure 3.12: Representative Stern-Volmer plots for time-resolved photoluminescence quenching of P1-4 (red 
diamonds) and the corresponding monomers M1-4 (blue trianges) by DNT. The fluorophore concentrations used were 
0.0020 M, 0.0023 M, 0.0010 M and 0.00073 M for M1, M2, M2 and M4, respectively, and 1.3 mg/mL, 2.7 mg/mL, 1.9 
mg/mL and 1.1 mg/mL for P1, P2, P3 and P4, respectively. The excitation wavelengths used was 372 nm for M1-4 and 
P1-4. The emission wavelengths being monitored were 398 nm, 418 nm, 428 nm and 430 nm for M1, M2, M2 and M4, 
respectively, and 408 nm, 431 nm, 437 nm and 439 nm for P1, P2, P3 and P4, respectively. 
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When going from the monomer to the polymer there was an increase in overall quenching 
response for DNT, however the static quenching component for DNT remained similar between 
monomers and polymers. This suggests that intrapolymer interactions are leading to an increase in 
dynamic quenching by DNT and do not have a significant effect on static quenching. This indicates 
that static quenching does not involve the nearest neighbour chromophores. The absorbance and PL 
spectra of the polymers showed a large Stokes shift and the PL was broad, featureless and red-shifted 
with respect to the corresponding monomer, indicating that the excited state of the polymer differs 
from that of the ground state and the excited state of the monomer. A change in the excited state 
conformation of the polymeric materials may change the localization of the chromophore, which may 
be shared between neighbouring chromophores. Such delocalization would reduce exciton diffusion 
and potentially the quenching efficiency by reducing the driving force for charge transfer, which may 
account for the differing quenching responses observed. 
Similar to the DMNB results, P1 showed a much higher quenching response to DNT than the 
other materials. A factor which may have played a part in the sensing performance of P1 is the 
chromophore - it is smaller in comparison to the other chromophores thus has a higher energy which 
is favourable for sensing DMNB. 
 
Table 3.2: Dynamic quenching constants (𝐾𝐶), and PL lifetimes for the monomers 
M1-4 and polymers P1-4 measured in toluene. 
Material 𝝉𝟎 (ns) KC M
-1 
  DNT DMNB 
M1 1.32 12 (± 1) 18 (± 2) 
M2 1.17 27 (± 3) 14 (± 1) 
M3 0.97 21 (± 2) 10 (± 1) 
M4 0.90 27 (± 3) 10 (± 1) 
P1 1.26 35 (± 4) 29 (± 3) 
P2 1.34 45 (± 5) 19 (± 2) 
P3 1.03 29 (± 3) 11 (± 1) 
P4 1.32 35 (± 4) 12 (± 1) 
 
Another notable feature in the Stern-Volmer data is the relative percentages of static and 
dynamic quenching for each material with DMNB. Compared to their corresponding monomers, the 
poly(dendrimer)s showed a trend of a greater percentage of static quenching (by DMNB). For 
example, M1 exhibited 37% static quenching and P1 showed 46% static quenching. It may be the 
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case that the poly(dendrimer) is better able to bind the analyte, for instance the DMNB molecule may 
become bound between two neighbouring chromophores on the poly(dendrimer).   
 
 
Figure 3.13: Stern-Volmer Data for M1-4 (in blue) and P1-4 (in red) quenched by DNT (top) and DMNB (bottom). On 
each plot there are 4 pairs of bars corresponding to each monomer/polymer pair. The blue bars on the left side of each 
pair of bars correspond to the monomer quenching constants and next to each of these is the red bar corresponding to 
the polymer quenching constant. Each bar has a solid-filled part, corresponding to the dynamic component of quenching 
(𝐾𝐶), and a hatched part corresponding to the static component of quenching. The total length of the bar is indicative of 
the magnitude of the measured steady-state constant (𝐾𝑆𝑉). 
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3.7 Conclusions 
 The Stern Volmer measurements confirmed that the fluorescence of all the monomer/polymer 
pairs is quenched by the nitrated analytes DMNB and DNT. In particular, by comparing the results 
of the steady-state and time-resolved measurements insights into the quenching mechanism in 
solution were obtained. As conjugation of the chromophore structure increased when going from M1 
to M4, there was a decrease in quenching response for both analytes, suggesting that possible 
delocalization of the chromophore causes a reduction in quenching efficiency. When going from the 
monomer to the poly(dendrimer), there was an increase in the quenching response for both analytes, 
indicative of intramolecular interactions (such as FRET between chromophores) leading to enhanced 
quenching. The Stern-Volmer constants of the poly(dendrimer)s were roughly 1.5 times greater than 
their corresponding monomers. This enhancement was attributed to intramolecular interactions in the 
poly(dendrimer)s, which result in an amplification effect due to energy transfer between neighbouring 
chromophores. Crucially, the measured Stern-Volmer constants of the poly(dendrimer)s were 
comparable to those reported for the triphenylamine dendrimer on which they were based, suggesting 
that the properties of the sensing chromophore have not been significantly altered. 
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4 Real Time Sensing in the Solid State 
4.1 Background 
While solution measurements are good for comparing the quenching efficiencies of materials, 
solid state (film) measurements give a more accurate representation of the materials’ performance as 
real-world sensors. In the solid state, the quenching response may depend on the vapour pressor of 
the analyte, the electron-affinity of the analyte, the diffusion rate through the film and other film 
properties, i.e., film thickness and morphology. Hence, there is no reason to generally expect a clear 
correlation between solution-based measurements and the solid state performance. In the past, 
solution-based measurements have been relied on to evaluate the performance of materials that are 
intended to be used in the solid state. However, the results from studies that have observed quenching 
in both solution and the solid state support the view that there is not always a clear correlation between 
the sensing abilities of the materials in the two different states.10, 11, 52, 58 
For example, shown in Figure 4.1 are three dendrimers of increasing generations (going from 
G1-3) tested with the five analytes: 2,4-dinitrotoluene (DNT), 1,4-dinitrobenzene (DNB), p-
nitrotoluene (pNT), 2,3-dimethyl-2,3dinitrobutane (DMNB), and benzophenone (BP).52 When 
quenched in solution these dendrimers showed an increase in quenching responses when going from 
G1 to G2 and only a slight difference in quenching response when going from G2 to G3. However, 
for solid state quenching with DNT, there was little difference in the quenching response between the 
three generations of dendrimers. Similar solid state quenching results were observed for pNT, DMNB 
and BP.  For DNB there was a decrease in the quenching response with increasing generation. It was 
speculated that the dendrimer generation dependence seen for DNB may have been related to the low 
vapour pressure of the analyte; a low vapour pressure may impede diffusion of the analyte into the 
film, particularly if there are strong electrostatic interactions between sensing material and analyte.52  
 It is well known that for some materials their photophysical properties can differ significantly 
between the solid state and solution due to the molecules being in close contact in films, leading to 
intermolecular interactions.48 In some cases, this may cause quenching of the luminescence, while in 
other systems intermolecular interactions can enhance luminescence via aggregation induced 
emission (AIE).28 The mechanism of AIE is via restriction of intramolecular rotations, such as 
rotations and vibrations, that provide a non-radiative decay pathway for the excited state.64 AIE can 
be exploited when developing materials that sense analytes via an oxidative fluorescence quenching 
mechanism.64 It has also been shown that in the absence of oxidative fluorescence quenching a 
luminescent response can still be observed due to the disruption of intermolecular interactions by the 
analyte.67 
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Figure 4.1: Dendrimers synthesized by Tang et al.52 
 
In 2014 Dong et al. developed two AIE-active triphenylamine polymers containing bulky 
side-chain moieties (Figure 4.2).28 In dilute chloroform solution compounds 4.1 and 4.2 had PLQYs 
of 0.8% and 2.5%, respectively. However, as solid powders their PLQYs increase to 17% and 34%, 
respectively. It was reasoned that while in the dilute chloroform solution the olefinic phenyl groups 
(of the side chains) were able to freely rotate contributing to non-radiative decay, thus a weaker 
emission. Conversely, in the solid state such rotations were supressed, reducing the non-radiative 
decay rate and giving rise to a higher PL intensity.28 When subjected to saturated 1,3,5-trinitrobenzene 
vapour, films of 4.1 and 4.2 were quenched by 85% and 89% within 600 s respectively and the process 
was reversible (>90% of the PL was recovered after rinsing the film with methanol for 5 minutes).28 
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Figure 4.2: AIE-active triphenylamine polymers made by Dong et al.28 
 
 Intermolecular interactions can be controlled by the inclusion of bulky side groups in a sensing 
material. Swager et al. employed this strategy when developing pentiptycene-based poly(p-
phenyleneethynylene)s (PPEs) for the detection of explosives68-70. The three-dimensional, rigid 
iptycene structures purportedly increased photoluminescence stability and solid state quantum yields 
by sterically isolating the polymer backbone, thus reducing intermolecular electron/orbital coupling 
which would otherwise give rise to self-quenching of the material. The rigid elaborated scaffolds also 
gave rise to additional free-volume in the solid state material, which facilitates rapid analyte diffusion 
into the film to achieve faster and larger amplitude responses.58 
Dendrimers have a highly modular structure, such that by altering the core and surface groups, 
the properties of the compound can be fine-tuned.71 For example, if a dendrimer has a luminescent 
core, the surface groups of the dendrimer may be changed to increase solubility without dramatically 
changing the emissive properties of the core. It is conceivable that a polymeric material, consisting 
of bulky, dendritic side chains could exhibit the advantages of both polymers and dendrimers. The 
dendrimer side-chains may prevent dense packing and the polymeric structure may enhance the 
quenching response. Poly(dendrimer)s for OLEDs have been previously reported but this work 
represents the first application of poly(dendrimer)s as sensor materials72, 73, therefore it is necessary 
to characterize their properties in the solid state to establish how their performance sits relative to 
conjugated polymers and dendrimers. 
This chapter describes the results of experiments to evaluate the solid state performance of the 
poly(dendrimer) sensors and examines the differences in fluorescence quenching with the analytes 
2,4-DNT and DMNB, between the four different polymers and between each polymer and monomer 
pair. The differences between solution and solid state quenching will also be compared. Given that 
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these are a new class of materials, it is important to characterize their properties in the solid state to 
ascertain whether they behave more like conjugated polymers, or dendrimers. For instance, is an 
amplification effect observed in a non-conjugated polymer structure? In other words, can exciton 
migration occur via a means other than travelling through a conjugated backbone from one segment 
to the next? This is something that can be explored when comparing the results of the monomers to 
those of the polymers as they both contain the same chromophore. Neutron reflectometry was also 
explored as a means of understanding analyte uptake and distribution in the films, as well as recovery 
of films in the sense of analyte removal and regaining of PL intensity. 
 
4.2 Experimental Methods 
4.2.1 Sample Preparation 
Solid state quenching measurements were performed on thin films of the monomer and 
polymer materials. The polymer films were prepared by dissolving approximately 10 mg of each 
material in 1 mL of spectral grade toluene, which was stirred in the dark (to prevent light induced 
degradation) for at least 24 hours to ensure the material was properly dissolved. The monomer films 
were made from solutions of approximately 10 mg of compound in 1 mL of spectral grade toluene 
(extended stirring was not necessary for dissolution of the monomer). For the neutron reflectometry, 
the solutions were spin coated onto fused silicon using a Cookson electronics SCS G3-8 spin-coater, 
at 2000 rpm for 1 min to give films with thicknesses of roughly 20 to 50 nm (approximate film 
thicknesses for each material are shown in Table 4.1).  
 
Table 4.1: Approximate film thicknesses in nm for thin films used for solid state quenching measurements. 
M1 M2 M3 M4 P1 P2 P3 P4 
28 23 28 23 50 40 41 25 
 
4.2.2 Analyte Delivery System 
The setup used to perform the PL quenching measurements on the thin films is illustrated in 
Figure 4.3. It consists of an optical chamber that is mounted in the sample compartment of a 
fluorimeter (Fluorolog 3 tau) so that the film can be excited, and the PL measured through fused silica 
windows in the chamber. The chamber also features a port for the delivery of a gas supply and an 
exhaust so that the system is sealed. The analyte delivery system that supplies the optical chamber 
consists of two mass flow controllers (MFC1 and MFC2) that both provide a controlled stream of 
nitrogen gas. One of the nitrogen streams passes through a coiled stainless-steel tube containing the 
analyte and sealed at each end with cotton wool to prevent particulates from leaving the coil. The 
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concentration of the analyte vapour that leaves the coil was calibrated by Ms Beta Poliquit. The films 
of the sensing materials were exposed to a sequence of brief “pulses” of analyte vapour that varied in 
terms of the analyte (DNMB or DNT) concentration in nitrogen. The PL intensity of the films was 
continuously measured while the analyte pulses were delivered. 
 
 
Figure 4.3: Schematic diagram of the photoluminescence quenching experimental setup.74 
 
 
4.3 Quantitative Quenching by Nitroaromatic and Nitroaliphatic 
Analytes 
To evaluate the quenching efficiency of the poly(dendrimer)s relative to each other and their 
respective monomers, solid state quenching experiments were performed. Another reason for 
conducting these experiments was to ascertain the differences in quenching trends for each material-
analyte pair between solution and solid state. The analytes chosen for the solid state measurements 
were DMNB (aliphatic nitrated explosives taggant) and DNT (aromatic explosive by-product). For 
all measurements, the analyte vapour concentrations are below saturation levels, which is an 
important feature of these measurements because this is more representative of the real world. While 
a saturated environment may be encountered in a real-world situation such as a confined space, it is 
more likely that saturation of the atmosphere has not occurred and that the vapour concentration is 
significantly lower. 
Shown in Figure 4.4 is the quenching response of the monomer films (left) and polymer films 
(right) to pulses of DMNB vapour of increasing concentration. On the left axis of each plot is the PL 
intensity (in arbitrary units, such that four traces can be displayed on the same graph), and on the right 
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axis is the analyte vapour concentration. Both PL and analyte concentration have been plotted as a 
function of time. The trace order goes consecutively from P1 (or M1) at the top to P4 (or M4) at the 
bottom.  
 
           
Figure 4.4 Film quenching responses of monomers (left) and polymers (right) to DMNB vapour. M1/P1 red, M2/P2 
blue, M3/P3 black, M4/P4 green. The DMNB concentration is shown in grey. Film thicknesses are approximately 28 
nm, 23 nm, 28 nm, and 23 nm for M1, M2, M3, and M4, respectively, and 50 nm, 40 nm, 41 nm, and 25 nm for P1, P2, 
P3, and P4, respectively. Estimates of analyte concentrations for each pulse are shown in ppb and ppm for DNT and 
DMNB, respectively. The excitation wavelengths used are 341 nm, 360 nm, 373 nm and 370 nm for M1, M2, M3, and 
M4, respectively, and 334 nm, 352 nm, 364 nm, and 360 nm for P1, P2, P3, and P4, respectively. The emission 
wavelengths are 416 nm, 438 nm, 445 nm and 449 nm for M1, M2, M3, and M4, respectively, and 414 nm, 445 nm, 
448 nm, and 444 nm for P1, P2, P3, and P4, respectively. 
 
A slight downwards slope is seen for M1 (red), which is probably caused by 
photodegradation. M1 does not exhibit an unambiguous response to the successive DMNB pulses, 
except for the 0.5 ppm pulse (not easily observed), indicating a low sensitivity to the analyte. 
Similarly, M2 (blue) and M4 (green) also only appear to be quenched by DMNB at the higher vapour 
concentrations. In contrast, M3 (black) shows a reversible decrease in PL intensity when subjected 
to the DMNB vapour pulses, which recovers between the pulses. The lower sensitivity of films of 
M1, M2 and M3 could be due to poor penetration of the DMNB vapours into the film and/or 
unfavourable binding of the analyte with the monomer. 
The traces for P1 (red) and P2 (blue) show a steady downwards slope, which is likely due to 
photodegradation. The PL responses of P1 and P2 upon successive DMNB vapour pulses, while 
weak, are more evident than in the films of the corresponding monomer. P3 (black) exhibits the 
greatest response to DMNB vapour and, like M3, shows recovery between pulses. However, the 
magnitude of the response appears to be lower in P3 relative to M3, which suggests that the former 
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is not as sensitive. This may be due to reduced DMNB diffusion into the polymer film and this 
question will be revisited later in the chapter. P4 (green) did not appear to be quenched by the DMNB 
analyte.  
The weaker quenching response of M1 to DMNB, relative to that of P1, hints at amplification 
of the quenching response when going from monomer to polymer for this pair. Although the 
differences could also be explained in terms of differences in how the vapours diffuse into the films. 
Swager argued that an amplification of quenching response occurs when going from monomer to 
conjugated polymer due to exciton migration along the conjugated polymer backbone. P1 is not a 
conjugated polymer, so the above results suggest that the amplification process might also occur in 
systems with non-conjugated backbones. However, the differences could also be due to differences 
in how the DMNB vapours diffuse into the film and/or bind with the polymer. 
For the M2 and P2 pair, the polymer exhibited a quenching response to DMNB whereas the 
monomer did not show a clear quenching response. This is at odds with the solution quenching data, 
which showed quenching of M2 and P2 by DMNB. This result highlights the limitations of solution-
based measurements for ascertaining solid state performance. Again, this may be the result of poor 
penetration and diffusion of the DMNB into the M2 film and/or unfavourable binding with the 
sensing material.  
Unlike P1 and P2, P3 showed a weaker quenching response to DMNB than its monomer M3, 
which is the opposite of what was observed for solution-based measurements. P3, which contained 
chromophores with bulky G1 moieties, may have had a more porous structure allowing for analyte to 
easily diffuse into and out of the film. Such recovery is a desirable property for a sensor material, as 
it allows for a reusable sensor in a device. This reversible quenching was pronounced in the M3 film. 
The M3 film was ~28nm thick and that of P3 was ~41nm thick, the thicker film of the polymer may 
have made recovery more difficult.  
P4 showed essentially no quenching response to DMNB, despite showing a quenching 
response in solution, which further exemplifies how solution-based measurements are not always 
relevant to the solid state. The lack of quenching by DMNB for M4 and P4 may have been partially 
due to interchromophore interactions, such as π-stacking, which would result in aggregation and a 
potential reduction in the excited state energy. Furthermore, the conformation of the polymer chains 
in the P4 film may not be conducive towards interaction with DMNB molecules. DMNB has a highly 
three dimensional structure and does not engage in π -stacking with conjugated systems.18  
Figure 4.5 shows the fluorescence quenching responses of films of the sensing materials to DNT 
vapour, with the monomer responses on the left and the polymer responses on the right. Responses 
for M1 and P1 are plotted at the top of their respective graphs, followed by M2/P2 then M3/P3 and 
finally, M4 and P4 at the bottom of the plot. All 4 monomers exhibited quenching by DNT vapour, 
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indicating that these materials function as intended and are potentially suitable for use as sensors. The 
results also show that the sensitivity is higher than with DMNB with all materials exhibiting response 
in the low ppb with M2, M3 and M4 all showing a clear response to low-ppb vapours concentrations. 
P1 showed a pronounced fluorescence quenching by DNT in the solid state and also in solution. 
Given that the magnitude of the response typically decreases with film thickness, the large response 
of the P1 film is even more remarkable as it was thicker than the other films. The response of the P1 
film appears to be greater than that of M1 although the sensitivity appears to be comparable with both 
exhibiting unambiguous responses down to ~2.7 ppb. Where M1 and P1 significantly differ is in how 
the fluorescence recovers after exposure to the analyte with P1 not appearing to recover. A similar 
trend was observed between M4 and P4, which indicates that the absorbed DNT is not spontaneously 
released by the film. This could be due to a greater binding strength between P1 and P4 and DNT 
than their respective monomers or a morphology of the film that is unfavourable for desorption.  
  
       
Figure 4.5: Film quenching responses of monomers (left) and polymers (right) to DNT vapour. M1/P1 red, M2/P2 
blue, M3/P3 black, M4/P4 green. Film thicknesses are approximately 28 nm, 23 nm, 28 nm, and 23 nm for M1, M2, 
M3, and M4, respectively, and 50 nm, 40 nm, 41 nm, and 25 nm for P1, P2, P3, and P4, respectively. Estimates of 
analyte concentrations for each pulse are shown in ppb and ppm for DNT and DMNB, respectively. The excitation 
wavelengths used are 341 nm, 360 nm, 373 nm and 370 nm for M1, M2, M3, and M4, respectively, and 334 nm, 352 
nm, 364 nm, and 360 nm for P1, P2, P3, and P4, respectively. The emission wavelengths are 416 nm, 438 nm, 445 nm 
and 449 nm for M1, M2, M3, and M4, respectively, and 414 nm, 445 nm, 448 nm, and 444 nm for P1, P2, P3, and P4, 
respectively.  
 
P2 was the only polymer to be less strongly quenched by DNT than its corresponding 
monomer M2. This may have been caused in part by the differences in film thickness with P2 being 
~40 nm and M2 ~30 nm, or it may have been due to differences in the binding site between monomer 
and poly(dendrimer) films. The polymer chains could be in a twisted conformation in the solid state 
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which means certain parts of the chromophores may not be as readily accessible to the analyte, hence 
it may bind at different sites to those available in the monomer films. Neither M2 nor P2 showed any 
recovery between analyte pulses, suggesting strong binding between DNT and the chromophore. 
 In the case of the M3 and P3 pair, a good quenching response is observed for films of both 
materials when subjected to DNT vapour with some PL recovery between analyte pulses. P4, 
although quenched by DNT, did not show any recovery between the analyte pulses, while the 
monomer M4 film exhibited this feature. The film thicknesses for these materials were very similar 
at ~23 nm and ~25 nm for M4 and P4 respectively. Again, differences in recovery may have been 
due to differences in the binding site. The solid state PL quenching data does not provide a clear 
understanding of how the different materials may be interacting with the analyte vapour, how much 
is absorbed and how it might be distributed throughout the film. To address these questions, neutron 
reflectometry was employed.  
 
4.4 Quantifying Analyte Vapour Uptake and Distribution in Thin Films 
To compare and interpret the fluorescence quenching data it is essential to understand how 
the analyte vapours penetrate and diffuse into the sensing films. Recent work has shown11, 75, 76 that 
the analyte diffusion process plays a critical role in the real-time fluorescence response of sensing 
materials. In particular, it was shown that the high sensitivity of so-called amplifying fluorescent 
polymers is not due to long range exciton diffusion, but the relatively high analyte concentration in 
the diffusion front that moves through the sensing film as the analyte is sorbed.19  
To quantify the amount of analyte the poly(dendrimer) films can accommodate and the distribution 
of the analyte within the film, neutron reflectometry was performed. This technique has been 
successful in showing that: 
 Analyte vapours can fully diffuse into thin films of conjugated dendrimers. For example, 
Cavaye et al. used neutron reflectometry to probe the uptake of p-nitrotoluene by films of 
dendrimer D1 (Figure 1.13) and discovered full PL quenching, of thin (230 ± 30 Å) and thick 
(750 ± 50 Å) films, upon saturation with the analyte. This shows that there is dendrimer-
analyte interface within the diffusion length of all the generated excitons. Given that the 
exciton had an estimated diffusion length of 6 nm, the analyte cannot be localized just on the 
surface of the film; in other words, it diffused the bulk of the dendrimer layer.29, 77 
 Some dendrimers are able to accommodate an excess of the analyte, i.e. more than one analyte 
molecule per sensing molecule. Such information may be deduced from the number density 
of the analyte uptake, which can be calculated for monodisperse materials. The SLD gives 
density of material, if the mass of one molecule is known, then the volume per molecule can 
be determined. For example, if a dendrimer material has a number density of one dendrimer 
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per 0.5 nm3 and the analyte has a density of one analyte molecule per 0.2 nm3, it can be seen 
that there is an excess of analyte molecules per dendrimer molecule.11, 29 In the 
abovementioned study by Cavaye et al. it was discovered that for the thin film, the analyte 
(pNT) can quench 3.5 ± 1.3 dendrimer (D1) molecules and for the thicker film it can quench 
1.7 ± 0.3 dendrimers.21 
 Dendrimer films swell during the analyte uptake, consistent with a Case II or Super Case II 
diffusion process. Case II diffusion is when the diﬀusion is driven by swelling of the sensing 
film caused by the interaction of the sensing material with the analyte.11 Super Case II 
diffusion occurs via a similar mechanism to Case II in that the propagating analyte front is 
driven by swelling of the film. However, in Super Case II diffusion the analyte front 
accelerates.11, 29  
 Depending on the structure of the dendrimers, the analyte may be fully, or partially released 
from the film when the fluorescence recovers.11 The film thickness also returns to its original 
value once the analyte is removed. 
4.4.1 Theory of Neutron Reflectometry 
Neutron reflectometry (NR) is an elastic neutron scattering technique for measuring the 
vertical structure of thin films. A NR experiment involves irradiation of a flat surface by a highly 
collimated beam of neutrons, at an angle θ, then measuring the intensity of the reflected radiation. 
The data is plotted as the intensity of neutrons reflected versus Q, the momentum transfer vector.  
When the angle of incidence is equal to the angle of reflection, the reflectivity is specular and 
Q becomes the change in momentum in the z direction (perpendicular to the sample surface), such 
that: 
Q =  
4𝜋
𝜆
(𝑠𝑖𝑛𝜃)         (4.1) 
where λ is the wavelength of the neutron, and θ is the angle of incidence/reflection. When the neutrons 
are reflected by various interfaces in the sample, interference fringes are observed in the reflected 
neutron beam. Shown in Figure 4.7 is a simulated example of the reflectivity profile of uniform thin 
film on silicon substrate with the key features highlighted.  
The NR profile presents some features of note, for instance, the critical edge is a particular value of 
Q, below which the sample shows perfect reflectivity. At higher Q the reflectivity changes due to 
partial reflection. The fringe spacing is related directly to the thickness of the film and the fringe 
amplitude gives information about the density of said film. The fringe amplitude arises from the 
contrast between the vector scattering powers of the layers.  
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Figure 4.6: Schematic diagram of NR showing the neutron beam incident on the ﬁlm at an angle of θ and the resulting 
momentum transfer vector, Q. The Silicon layer is considered “infinite” for calculation purposes, as it is orders of 
magnitude thicker than the other layers. 
 
 
 
 
Figure 4.7: An NR trace example using simulated data for a 50nm film. 
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A second fitting parameter for each layer, the scattering length density (SLD) is obtained from 
both the neutron scattering power and the density of each layer, which can be expressed as 
SLD =  
𝜌𝑁𝐴 ∑ 𝑏𝑖𝑖
𝑀𝑊
         (4.2) 
where ρ is the mass density of the material, 𝑁𝐴 is Avogadro’s number, MW is the molecular weight 
of the material and  ∑ 𝑏𝑖𝑖  is the sum of the coherent neutron scattering lengths of the atoms in the 
material. From the SLD the molecular density and molecular volume can be obtained and a plot of 
the SLD as a function of the depth of the film z gives an SLD profile as shown in Figure 4.8. The 
SLD profile can be generated by fitting to the reflectivity profile; the fit parameters are typically the 
thickness, SLD and interfacial roughness of each of the layers that make up the sample. Usually the 
characteristics of the substrate are known, leaving only the parameters of the sensing material 
unknown. The model can be further refined by measuring the film thickness independently with a 
surface profilometer and estimating the scattering length density. 
 
 
Figure 4.8: Sample SLD data for a 95 nm film on a silicon substrate. 
 
As the elemental composition of many organic materials can be quite similar to obtain the 
necessary contrast with the protonated sensing materials, deuterated 2,4-dinitrotoluene-d6 (DNT-d6) 
was used for this study. Alternatively, deuterated sensing materials could have been used with a 
protonated analyte. However, deuterated analytes are a cheaper and easier option as they only need 
to be made once and they can be used with any protonated sensing material. 
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4.4.2 Experimental Methods 
As a reflectometry technique, the quality of the data is strongly dependent on the uniformity 
and roughness of the film and interfaces. Furthermore, as the reflected signal decreases strongly with 
Q, to minimize signal collection time, samples prepared over large areas are required. Hence the films 
were prepared on 2-inch diameter silicon wafers. Solutions of the polymers were spin-coated onto 
these wafers from chloroform, which had been previously cleaned with piranha solution. The 
suitability of the films for neutron reflectometry, after they had been spin coated, was assessed based 
on how reflective they appeared. In other words, the uniformity and smoothness of the films could be 
assessed by how shiny and reflective they appeared under visible light.  
The NR experiments were carried out on the Platypus neutron reﬂectometer at the Open Pool 
Australian Lightwater (OPAL) nuclear research reactor at the Australian Nuclear Science and 
Technology Organisation (ANSTO), Lucas Heights, NSW, Australia. In order to measure the 
reflectometry of samples under an analyte saturated atmosphere, a specialised sample chamber was 
used. This consisted of: 
 a stage for the sample, with integrated heaters, so that the temperature of the sample 
could be controlled if needed; 
 a UV-LED light source (wavelength 365nm) to photoexcite the sample; 
 a fibre-coupled spectrograph to measure the fluorescence intensity and spectrum; and  
 gas ports, so that the chamber could be connected to gas sources and/or vacuum pumps 
such that the atmosphere could be controlled during the measurement. 
The chamber was constructed from aluminium, and featured opaque “windows” that would allow the 
neutrons to enter and exit the chamber, but blocked ambient light. These features enabled the 
simultaneous measurement of the neutron reflectivity of the sample and its photoluminescence, 
allowing the distribution of the analyte to be correlated with the changes in the emission of the film. 
Neutron reflectometry was performed with the Platypus time-of-flight neutron reflectometer 
and a cold neutron spectrum (2.8 Å <λ< 18.0 Å). The beam was mechanically chopped (EADS 
Astrium GmbH) at 20 Hz to generate neutron pulses in the medium resolution mode ( Δλ / λ= 4%). 
The scattered neutrons were recorded on a two-dimensional helium-3 neutron detector (Denex 
GmbH). Reflected beam spectra were collected at: 0.65o and 2.5o for 1 hours and 2 hours, respectively. 
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Figure 4.9: The Platypus time-of-flight neutron reflectometer.78 
 
For each film, three measurements were performed: 
1. The reflectivity and fluorescence of the as-cast film in an inert atmosphere (continuous 
flow of nitrogen) was measured.   
2. The film was then placed in a glass vessel with a torsion-controlled lid that contained 
deuterated 2,4-dinitrotoluene-d6. The DNT-d6 had been previously synthesized by Dr. 
Hamish Cavaye. The DNT-d6 was stored under cotton wool and a filter paper to 
prevent direct contact between the analyte and the sample, as well as ensuring a 
saturated analyte atmosphere inside the vessel. The film was left inside the vessel for 
four hours to ensure saturation, before being returned to the sample chamber. To 
ensure a saturated atmosphere inside the sample chamber, some analyte and cotton 
wool was placed inside the sample chamber, away from the sample and the neutron 
beam. The reflectivity and fluorescence of the saturated film was then measured. 
3. The final measurement was the reflectivity and fluorescence of the recovered film. 
Recovery was achieved by removing the analyte from the sample chamber, cleaning 
the sample chamber with acetone and 2-propanol, then purging the chamber with a 
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nitrogen flow continuously. The film was removed from the sample chamber, then 
placed in the flow of a high-pressure nitrogen supply for approximately 5 minutes, to 
displace the analyte. When the recovered film was measured, a continuous nitrogen 
flow was introduced into the chamber. 
It will be appreciated that, as there were multiple samples, and time at such facilities is at a premium, 
the as-cast measurements for all the films were performed first, followed by all the saturated 
measurements, and then all the recovered measurements to minimise time spent waiting for the 
atmosphere in the sample chamber to equilibrate or cleaning the chamber.  
The NR data was processed and analysed using the Motofit analysis package. A simple model 
was used to analyse the data, where the sample was treated as a three-layer system (Silicon, Silicon-
oxide, sensing material). The scattering length densities, thicknesses, and roughness of the Si and Si-
oxide layers were known. To improve fit quality, the roughness of the oxide layer was sometimes 
varied slightly. Therefore, the primary fitting parameters were the thickness, scattering length density, 
and surface roughness of the sensing material film. For the films that were saturated with analyte 
vapour, an increase in the SLD of the film was expected since the analyte has a much higher SLD 
than the polymer.  
4.4.3 NR Results 
Shown below are the reflectivity data for all the polymers in their as-cast state, when saturated 
with deuterated DNT vapour and after the recovery process. Error bars are shown in the reflectivity 
plots and the SLD profile shows the 3 layers (Si, SiO2, sensing polymer) and 4 interfaces which make 
up the model (Si-SiO2, SiO2-polymer, and polymer-air).  
Figure 4.10 shows the NR and photoluminescence results for P1. The photoluminescence 
data shows strong PL for the film in the as-cast state, which is completely quenched when the film is 
saturated and does not increase when attempts are made to remove the analyte and recover the 
photoluminescence. The SLD profile shows the change of SLD as a function of distance in the vertical 
direction, where 0 is the interface between silicon and silicon oxide layer. Then a spike is observed, 
which is the silicon oxide layer, followed by a large drop to a flat line which is the polymer layer. 
That the SLD of the polymer layer is constant indicates that the mass density of the films is also 
uniform across the film. The surface roughness is also low and indicates that films have a relatively 
smooth top interface with the atmosphere.  
The SLD of the whole sensing layer increases when exposed to saturated analyte vapour. 
Since the SLD of the deuterated analyte is higher than that of the protonated analyte the observed 
change is consistent with the diffusion of analyte vapours into the film until a uniform distribution is 
reached at equilibrium. After exposure, the SLD of film increases from 1.4 to about 1.6 with the  
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Figure 4.10: DNT-d6 Left: PL spectra for thin film of P1. Right: NR Data (markers) and fits (lines) for a thin film of 
P1. The profiles are offset for clarity. Bottom: SLD Profiles generated by the fits for a thin film of P1. 
 
difference in SLD purely down to the uptake of analyte. This difference can be used to calculate the 
amount of analyte molecules that have been taken up by the film, (the SLD of the sensing material is 
already known, therefore it can be ascertained how much analyte is present). With the uptake of 
analyte film thickness increases slightly, which is consistent with the film swelling to accommodate 
the uptake of the analyte. For P1, as the film absorbed DNT, the SLD increased from 1.37 x 10-6 Å2 
to 1.60 x 10-6 Å2 and the thickness increased from 954 Å to 987 Å (Table 4.3). The increase in the 
film thickness is consistent with the uptake of analyte occurring via a Case II or Super Case II process, 
whereby the analyte diffusion is driven by the swelling of the sensing film.75 This process is 
characterized by the propagation of an analyte front (not observed in the steady-state measurements) 
through the film with the concentration of the analyte behind the front being constant. This behavior 
is in marked contrast to Fickian diffusion where the process is driven by the concentration gradient.  
500
400
300
200
100
0
P
L
 I
n
te
n
s
it
y
 (
a
. 
u
.)
700600500400
Wavelength (nm)
 As cast
 DNT-exposed
 Recovered
-20
-15
-10
-5
0
L
o
g
(R
e
fl
e
c
ti
v
it
y
)
0.01
2 3 4 5 6 7
0.1
2
Q (Å
-1
)
 As cast
 DNT-exposed
 Recovered
3.0
2.5
2.0
1.5
1.0
0.5
0.0
S
L
D
 (
1
0
-6
 Å
-2
)
10008006004002000
Distance from Interface (Å)
 As cast
 DNT-exposed
 Recovered
 107 
 
Table 4.2: Summary of Film SLD Data for P1-4. 
 As cast 
SLD  
(× 10 -6 Å2) 
DNT-
exposed 
SLD  
(× 10 -6 Å2) 
DNT-
recovered 
SLD 
 (× 10 -6 Å2 ) 
DNT-exposed 
number density 
(molecules per 
nm3) 
DNT-recovered 
number density 
(molecules per 
nm3) 
P1 1.43 ± 0.01 1.60 ± 0.01 1.58 ± 0.01 0.17 0.14 
P2 1.47 ± 0.01 1.66 ± 0.01 1.61 ± 0.01 0.14 0.10 
P3 1.06 ± 0.01 1.52 ± 0.01 1.37 ± 0.01 0.32 0.20 
P4 1.36 ± 0.01 1.64 ± 0.01 1.63 ± 0.01 0.13 0.12 
 
Table 4.3: Summary of Film Thickness Data for P1-4 
 As cast 
Thickness 
(nm) 
DNT-
exposed 
(nm) 
Recovered 
(nm) 
Degree of 
Swelling 
(%) 
P1 94.9 98.1 97.9 
3.3 
P2 71.7 74.5 73.4 
3.9 
P3 68.7 74.4 72.0 
8.3 
P4 46.4 48.7 48.1 
5.0 
 
After the recovery process (blowing with nitrogen for 5 minutes at room temperature) no 
significant change in the SLD or thickness of the P1 film was observed, which suggests that the 
analyte has not been removed. In other words, the analyte is strongly bound within the film and that 
full removal of the analyte from the film may require heating as opposed to only blowing nitrogen at 
room temperature. The number densities of the P1 film after DNT-exposure and recovery are 0.17 
and 0.14 respectively. The film uptakes approximately 0.17 DNT molecules per nm3 and after 
recovery there is still 0.14 DNT molecules per nm3 left in the film. The PL data for P1 is consistent 
with its SLD data, as 100% PL quenching is observed after exposure to the analyte and the film 
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remains quenched after the attempt at recovery. The NR results are also consistent with the solid state 
quenching results, which demonstrated quenching of P1 without recovery of luminescence between 
analyte pulses (Figure 4.5).  
The neutron reflectometry for the P2 film showed that it absorbed DNT and the SLD increased 
from 1.49 x 10-6 Å2 to 1.66 x 10-6 Å2 and the thickness increased from 728 Å to 754 Å (see Figure 
4.11). This behavior is similar to what was observed with P1. Again, the DNT was not easily removed 
from the film with only a small decrease of film thickness and SLD. The PL data showed quenching 
after exposure to the analyte and after recovery, which suggests that despite the release of some 
analyte there was still enough to ensure complete quenching of the photoluminescence. The NR data 
also matches the solid state quenching data for P2, which showed quenching without recovery 
between pulses. 
 
   
 
 
Figure 4.11: DNT-d6 Left: PL spectra for thin film of P2. Right: NR Data (markers) and fits (lines) for a thin film of 
P2. The profiles are offset for clarity. Bottom: SLD Profiles generated by the fits for a thin film of P2. 
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The neutron reflectometry data for the P3 film showed that it absorbed DNT and the SLD 
increased from 1.18 x 10-6 Å2 to 1.54 x 10-6 Å2 and the thickness increased from 702 Å to 752 Å (see 
Figure 4.12). This is a greater change in both the SLD and film thickness than was observed with 
both P1 and P2. The SLD profile obtained for P3 indicates that the DNT was not entirely removed 
in the film after blowing with air for 5 minutes, although it appeared that more was released than with 
P1 and P2. The PL results showed full quenching of the P3 film (at an emission wavelength of 
450nm) after exposure to DNT for 2 hours. After recovery there was some rise of PL, however it was 
not proportionate to the change in SLD suggesting that there was still more than enough analyte 
present in the film to ensure efficient quenching of the PL. The solid state quenching results showed 
some PL recovery between analyte pulses of DNT, which is consistent with the NR data that showed 
some film recovery.  
 
  
 
Figure 4.12: DNT-d6 Left: PL spectra for thin film of P3. Right: NR Data (markers) and fits (lines) for a thin film of 
P3. The profiles are offset for clarity. Bottom: SLD Profiles generated by the fits for a thin film of P3. 
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It is important to reiterate that the solid state quenching experiments, unlike the NR 
experiments, were not done with saturated analyte concentrations. This gives explanation to the 
recovery of PL between analyte (DNT) pulses in the solid state quenching experiments, as much less 
analyte was diffusing into and out of the film. 
The neutron reflectometry data and the PL are shown in Figure 4.13, for P4. Similar to the 
other polymers, the P4 film absorbed DNT and the SLD increased from 1.38 x 10-6 Å2 to 1.64 x 10-6 
Å2 and the thickness increased from 468 Å to 493 Å. The recovery test showed that some DNT was 
removed from the film, but not to the extent observed for the P3 film. The PL results indicated that 
the film was fully quenched after exposure to DNT for 2 hours and it remained quenched after the 
recovery attempt.  
All films appeared to have a uniform SLD throughout, before during and after quenching. 
There was little to no recovery for P1, P2, P4 which reflects what was seen in solid state quenching 
experiments. P3 showed recovery, which was also seen in solid state quenching. Perhaps this was 
because P3 had a more porous structure resultant from the bulky side-chains of the polymeric 
structure. P4 had bulky side chains as well and showed recovery to a lesser degree than P3, this may 
have been due to a highly conjugated structure without alkyl surface groups to inhibit π-stacking in 
the film. 
The films of P1, P2, and P4, showed a degree of swelling between 3 and 5%, whereas P3 
showed swelling of 8.3%. A calculation of molecules taken up per nm3 (Table 4.2) shows that the P3 
film takes up twice as many molecules per unit volume (0.32) as the films of the other polymers 
(between 0.13 and 0.17). Given that the chromophore of P3 was modelled on that of the dendrimer 
D (see Figure 1.14), it is interesting to compare the uptake of these materials. D had a number density 
of 0.11 per nm3 when subjected to a saturated atmosphere of deuterated p-nitrotoluene (pNT).31 
Compared to DNT, pNT is a smaller slightly more volatile compound. However, it would appear that 
D takes up less analyte per unit volume than P3. It may be the case that P3 more readily absorbs 
nitroaromatic analytes than D. However, D showed almost complete recovery, whereas P3 only 
showed partial recovery. 
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Figure 4.13: DNT-d6 Left: PL spectra for thin film of P4. Right: NR Data (markers) and fits (lines) for a thin film of 
P4. The profiles are offset for clarity. Bottom: SLD Profiles generated by the fits for a thin film of P4.  
 
 
4.5 Conclusions 
The solid state quenching measurements, and neutron reflectometry results, gave insight into 
the quenching of the thin films by nitrated analytes. The solid state quenching data showed that 
solution-based measurements alone are not enough to assess the suitability of the materials as sensors 
as there were variations in quenching between solution and the solid state. For example, even though 
all materials showed a quenching response by DMNB in solution, it was not the case that all materials 
(in the solid state) showed quenching by DMNB at the vapour concentrations tested. Quenching of 
thin films was apparent for all materials by DNT at sub-saturated vapour concentrations which is a 
desirable trait for sensing materials in a real-world device. 
Neutron reflectometry data gave further insight into the uptake of DNT-d6 in the thin films of the 
poly(dendrimer)s. P1-4 all showed uptake of and quenching by DNT-d6. However, the PL of all films 
remained quenched after recovery. For the case of P1, P2, and P4, the SLD profiles did not show 
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significant removal of the analyte when subjected to the recovery process. P3 showed some removal 
of the analyte with the PL remaining quenched. A reversible quenching process is desirable for a 
sensing material. 
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5 Final Conclusions 
 Oxidative fluorescence quenching provides a promising means of detecting explosives as it 
allows for the development of materials that can rapidly detect the vapours of explosive compounds 
with high sensitivity. The development of effective sensor materials requires a detailed understanding 
of the sensing mechanisms, the processes that govern the response in the solid state, and the quenching 
efficiency by real-world explosive taggants and analytes. 
 This study involved the development of a novel class of materials called poly(dendrimer)s 
with applications for sensing nitrated explosives. Four poly(dendrimer)s with variations on a 
triphenylamine-based sensing chromophore, and their corresponding monomers were synthesised and 
investigated. Compounds containing the triphenylamine moiety within the chromophore have been 
shown to exhibit best-in-class selectivity for nitroaromatic compounds and the poly(dendrimer)s are 
an attempt to incorporate the selective functionality into an alternative architecture. Of interest in this 
study was the effect of varying the chromophores on sensing performance, as well as the effect of 
going from monomer to poly(dendrimer). Finally, while polymeric materials have been extensively 
studied as fluorescent sensors for explosives these have featured a conjugated backbone. The 
materials described in this thesis feature conjugated chromophores attached to a non-conjugated 
backbone and therefore provide a novel platform for probing and understanding the potential impact 
of a polymeric structure on the sensing performance. 
 Characterization of the poly(dendrimer) materials showed that they had wavelengths of 
absorbance and emission in the blue region, which is a desirable property for sensing materials. Their 
PLQYs were also adequate for use as sensors. Electrochemical and photophysical data revealed the 
poly(dendrimer)s had “LUMO” energies that imply oxidative fluorescence quenching by DMNB and 
DNT would be energetically favourable. The poly(dendrimer)s were also thermally stable when 
subjected to temperatures of up to roughly 400 °C - thermal stability is another desirable feature for 
a material to be used in a sensing device.  
The results from the solution-based quenching studies in Chapter 3 suggest that there is an 
increase in the conjugation of the chromophore moiety between the monomer and the polymer that 
potentially altered the localisation of the excited state chromophore between neighbouring units. A 
consequence of this was that there were differences in the sensing performance of between the 
corresponding monomers and polymers to both nitroaliphatic (DMNB) and nitroaromatic (2,4-DNT) 
analytes. In solution-based measurements, the poly(dendrimer)s typically featured Stern-Volmer 
constants that were roughly 1.5 times greater than their corresponding monomers. This enhancement 
was attributed to intramolecular interactions in the poly(dendrimer)s, which result in an amplification 
effect due to energy transfer between neighbouring chromophores. The enhancement may have also 
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been due to enhanced binding of the analyte by adjacent chromophores. Such behaviour has been 
previously described in polymers with conjugated backbones although the degree of amplification 
reported was much higher. It is unclear whether the differences in enhancement of quenching between 
non-conjugated and conjugated polymeric materials are meaningful given that it is unknown whether 
earlier reports appropriately corrected their Stern-Volmer data and that large Stern-Volmer constants 
are not required for solid state sensors.   
 The evaluation of the sensing performance of the monomers and polymers in the solid state 
was described in Chapter 4. When testing the quenching response of thin films of the materials with 
vapours of DMNB and 2,4-DNT across a range of concentrations, the results were not in exact 
accordance with the solution-based measurements. This is consistent with recent reports, which 
indicated that solution-based measurements alone were inadequate for assessing the suitability of 
materials as sensors in the solid state. The solid state quenching results suggested an increased 
response to 2,4-DNT when going from the monomer to the polymer. This was initially attributed to 
either intramolecular interactions within the polymer leading to enhanced energy migration and 
quenching or to improved analyte vapour penetration in the polymeric films. For DMNB there was 
no noticeable increase in quenching efficiency when going from the monomer to the polymer for 
M3/P3 and M4/P4, which is not in correlation with the results of the solution measurements. The 
weak responses of the films to DMNB, which is frequently reported by many fluorescence sensors in 
the literature, could be due unfavourable binding (absence of π-π interactions) of the analyte with the 
monomer and/or poor penetration of the DMNB vapours into the films. Crucially, M3 and P3 
exhibited high sensitivity to both 2,4-DNT and DMNB with vapour concentrations as low as 0.8 ppb 
and 0.06 ppm respectively detected under conditions representative of real-world sensing. 
Neutron reflectometry was conducted on the polymer films using DNT-d6 to gain insight into 
the uptake of this analyte and yield a more thorough understanding of the fluorescence quenching 
responses. The results showed that the vapours of DNT-d6 diffused into films of all the polymers, 
achieving a uniform analyte distribution at saturation. The film thicknesses increased with uptake of 
the analyte, which suggests that the analyte uptake was occurring via a Case II or Super Case II 
process, meaning the analyte uptake is driven by the swelling of the film. While uptake of the analyte 
vapour was spontaneous P1, P2, and P4 did not show significant change in film thickness or scattering 
length density (SLD) after recovery, which is consistent with the analyte binding strongly with the 
films. P3, which had the most similar chromophore to the model compound D, behaved differently 
from the other poly(dendrimer)s with greater absorption of the analyte and more recovery of the 
fluorescence. The as-cast films of P3 and D have comparable SLDs and given the similarities of their 
chemical structure they are likely to have similar mass densities. However, the DNT uptake by P3 
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appears to be greater than with D, although not all the analyte can be removed in the recovery process 
while the dendrimer fluorescence can be fully recovered. 
Given that the compounds were designed for sensing nitro-containing compounds, it would 
be beneficial to test them with a broader range of nitro-containing analytes, such as picric acid, RDX, 
RNB, et cetera, to see what trends are observed. These compounds feature triphenylamine-based 
chromophores that have been shown to be highly selective for nitroaromatic vapours in the solid state, 
so future work on these poly(dendrimer) materials should also involve testing their response to 
interferents to ascertain whether they show good selectivity as sensors. 
Dendrimers give rise to much flexibility in terms of structural design, hence they can be modified to 
better perform as sensors. For example, the poly(dendrimer)s of this study showed a lower PLQY in 
the solid-state than in solution which was speculated to arise from intermolecular interactions that 
lead to quenching. A higher PLQY may be achieved by modification of the surface groups to prevent 
luminescence quenching interactions such as π-π stacking. It may also be the case that one particular 
poly(dendrimer) may not be able to selectively detect all nitro-containing explosives.  
In summary, a novel class of poly(dendrimer) fluorescent materials for the detection of nitro-
containing explosives and taggants has been demonstrated. Measurements in the solid state confirm 
that the polymers have the ppb sensitivity to nitroaromatic vapours that is required for a vapour 
sensor. Neutron reflectometry showed that the poly(dendrimer)s have greater affinity for 
nitroaromatic analytes than the original dendrimer and can accommodate and retain 2-3 times more 
analyte. Hence, poly(dendrimer) sensor materials are a viable addition to the classes of compounds 
that are promising candidates for the development of solid-state vapour sensors. 
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Experimental 
5.1 General Methods 
Light petroleum spirits, dichloromethane, and ethyl acetate were distilled via rotary 
evaporation before use. Anhydrous toluene and tetrahydrofuran were dried and purified on a LC 
Technology SPBT-1 solvent purification system. Anhydrous dichloromethane was prepared by 
stirring over calcium hydride before distillation. Commercial materials were used as received unless 
otherwise stated. Thin layer chromatography (TLC) was performed on Merck aluminium plates 
coated with silica gel 60 F254. Column chromatography was performed with 230-400 mesh silica 
purchased from Merck. When solvent mixtures are used, the proportions are given by volume. Size-
exclusion chromatography was performed using BIO-RAD S-X1 Bio-Beads™ (200‒400 mesh) in 
toluene.  
Electrochemistry: Cyclic voltammetry measurements were performed using a Bioanalytical 
Systems Inc., Cell Stand C3 instrument with a glassy carbon working electrode, platinum wire 
auxiliary electrode and a Ag/AgNO3 reference electrode in anhydrous acetonitrile. The sample 
solution was prepared with a 0.1 M tetra-n-butylammonium perchlorate as electrolyte and 
approximately 1 mM of sample dissolved in dichloromethane or tetrahydrofuran. The solution was 
deoxygenated by sparging with argon. E1/2 values are referenced against the ferrocene/ferrocenium 
standard in dichloromethane or tetrahydrofuran. Dichloromethane was dried by stirring over calcium 
hydride before distillation. Tetrahydrofuran was initially purified on a LC Technology SPBT-1 
solvent purification system followed by refluxing over sodium/benzophenone before distillation. The 
glassy carbon electrode was polished between measurements with a polishing pad and rinsed with 
methanol. 
NMR: 1H and 13C NMR spectra were recorded on a Bruker AV300, AV500 or AS500 spectrometer. 
Chemical shifts (𝛿) are reported in parts per million (ppm) and are referenced to the residual solvent 
peak (CDCl3, 
1H 𝛿 7.26 or 13C 𝛿 77.0 ppm). In some cases, deuterated chloroform was treated with 
activated alumina before use. Coupling constants (J) are given to the nearest 0.5 Hertz (Hz). Peak 
multiplicities are reported as singlet (s), doublet (d), triplet (t), multiplet (m) or broad singlet (bs). 
Peak assignments are reported as: as Ar = aromatic H, EtHex = 2-ethylhexyl H, Pr = n-propyl H, G1 
= biphenyl dendron H, and Fl = fluorenyl H. 
Mass Spectroscopy: Gas chromatography mass spectrometry (GC-MS) was recorded on a Shimadzu 
GCMS-QP2010 Ultra with AOC-20i auto injector (200 °C, 72.6 kPa, Flow Rate: 1 mL/min, Retention 
Time: 16.5 mins). High resolution electrospray ionization accurate mass measurements (ESI-MS) 
were performed by Mr Peter Josh and recorded in positive or negative mode on a Bruker MicroTOF-
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Q (quadrupole-time of flight) instrument with a Bruker ESI source or in positive mode on a Orbitrap 
Elite MS (ESI-Orbitrap) via a HESI source. 
Elemental analysis: Elemental analysis was carried out by Dr Michael Nefedov using a Carlo Erba 
NCHS Analyser Model NA 1500 instrument. 
Gel permeation chromatography (GPC): GPC measurements were carried out on a Waters GPC 
1515 system equipped with Empower software. The instrument was connected to a refractive index 
(RI) and an UV-Vis detector. Two types of columns Styro-gel HT-6E and Styro-Gel HT-3 were used 
to analyse the polymer samples. The columns were kept at 40 °C with a flow rate of 1 mL/min and 
no flow marker was used during the analysis. Polystyrene standards were used to create the calibration 
curve. Polymer samples were prepared in tetrahydrofuran at 1 mg/mL concentration and filtered 
through a 0.45 micron PTFE filter. 
Infrared spectroscopy: Infrared absorption spectra were recorded on a Perkin-Elmer Spectrum 100 
FT-IR spectrometer as solid samples using an ATR attachment. 
Thermal properties: Differential scanning calorimetry (DSC) was performed on a PerkinElmer 
Pyris Diamond DSC. Thermal gravimetric analysis (TGA) was carried out on a Perkin-Elmer STA 
6000 Simultaneous Thermal Analyser. Decomposition temperatures (Td) are reported for a 5% 
decrease in sample mass corrected for the crucible. Melting points were measured in a glass capillary 
using a Büchi Melting Point B-545 apparatus and are uncorrected. 
 
5.2 Photophysical Measurements 
Absorption spectra were measured on a Varian Cary 5000 UV-vis-NIR spectrophotometer. 
Samples were dissolved in double distilled dichloromethane, double distilled toluene, or chloroform 
(ACS spectrophotometric grade, ≥99.8%), or used as a thin film that was spin-coated onto fused 
silica substrates. Photoluminescence spectra were recorded on a Horiba Jobin-Yvon Fluorolog-3 
instrument with samples dissolved in double distilled toluene, or as a thin film that was spin-coated 
onto fused silica substrates. Solution PLQYs are measured relative to a reference of quinine sulphate 
solution in 0.5 M sulphuric acid as 55%.79 Solutions were optically dilute (absorbance ≈ 0.1 at 
excitation wavelength). The error of these measurements is estimated to be within ±10% of the 
reported value. The measured emission spectra were corrected for self-absorption. Film PLQY 
measurements were performed following the method described by Greenham. et al.80 The 325 nm 
output of a He-Cd laser was attenuated with neutral density filters and used to photoexcite the films. 
The PL signal was measured with a calibrated photodiode. The PLQY was measured at multiple 
points on each film and averaged over a minimum of 8 measurements. 
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Quenching Studies: Investigation of the PL quenching properties of the sensing films was performed 
using a Horiba Jobin-Yvon Fluorolog 3 spectrometer fitted with two Bronkhorst mass flow 
controllers. Analyte vapour was from internally coated coils and mixed with a set nitrogen flow of 1 
L/min via a mixing valve. The system was controlled via LabView software programmed by Dr Paul 
Shaw and analyte dilution values recorded. Analyte concentration calibrations were completed by Ms 
Beta Poliquit by bubbling set volumes from the mass flow controller through a series of bubblers 
containing acetonitrile and then measuring the absorbance of these solutions to determine the 
concentration of the captured analyte. Films were excited at their peak absorption and the change in 
PL intensity monitored at their peak emission. 
 
5.3 Film Fabrication 
Thin films were prepared by dropping a 5 or 15 mg/mL solution in double distilled toluene 
onto fused silica substrates, which were spun on a Cookson electronics SCS G3-8 spincoater where 
spin speed = 1000 or 2000 RPM, ramp = 1.0 sec, and dwell = 60 sec. All films were stored in the 
absence of light and measured within 3 days. The film thicknesses were recorded using a Bruker 
DektakXT and averaged over a minimum of 5 measurements. 
 
5.4 Monomers and Poly(dendrimer)s 
 
(1S,2R)-N-[4-(Bis{4'-(tert-butyl)-(1,1'-biphenyl)-4-yl}amino)phenyl]bicyclo[2.2.1]hepta-2,5-
diene-2-carboxamide (M1) 
(1S,4R)-bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (97%) (0.339 g, 2.45 mmol) was added to a 
mixture of 16 (1.29 g, 2.46 mmol), N,N’-dicyclohexylcarbodiimide (1.01 g, 4.90 mmol), 4-N,N’-
dimethylaminopyridine (0.602 g, 4.91 mmol) and dichloromethane (32 mL), and was stirred for 3 
days, protected from light, under an argon atmosphere at ambient temperature. The reaction mixture 
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was washed with water (3 × 30 mL) then brine (1 × 30 mL), then dried over anyhydrous sodium 
sulfate, filtered, and then the solvent was removed in vacuo to give a light orange solid. The residue 
was purified by column chromatography over silica, eluting with ethyl acetate:light petroleum spirit 
(0 : 100, 5 : 90, 10 : 90, 20 : 80), to give a light pink solid (1.08 g), which was recrystallized using 
dichloromethane:light peteroleum spirit as solvent to yield M1 as a crystalline white solid (0.627 g, 
40 %). mp = 174-176 °C. IR (cm-1): 3305, 3034, 2964, 1661. λabs (CH2Cl2/nm): 247 (log ε/M-1cm-1, 
4.6), 337 (4.7). δH (500 MHz, CD2Cl2): 1.35 (18H, s, CH3), 1.39 (1H, m, CHCONH), 1.72 (1H, s, 
broad, bridge H), 1.75 (1H, s, broad, bridge H), 1.99 (1H, m, endo H), 2.16 (1H, m, exo H), 2.95 (1H, 
s, broad, bridgehead H), 3.03 (1H, s, broad, bridgehead H), 6.18 (2H, m, C=CH), 7.13 (2H, d, J = 8.8, 
Ar), 7.14 (4H, d, J = 8.6, Ar), 7.23 (1H, s, amide H), 7.45 (2H, d, J = 8.5, Ar), 7.48 (4H, d, J = 8.8, 
Ar), 7.50 (4H, d, J = 8.7, Ar), 7.52 (4H, d, J = 8.5, Ar). δC (100 MHz; CDCl3): 30.3, 31.6, 34.7, 41.8, 
46.0, 46.5, 47.6, 124.4, 124.8, 124.9, 125.1, 125.8, 126.5, 127.5, 127.8, 128.0, 128.5, 136.1, 138.7, 
149.9. MALDI-TOF-MS: Calc. for C46H48N2O [M]+ m/z = 644.4 (100%), 645.38 (52%), 646.38 
(14%), 647.39 (2%); Found: 643.9 (100%), 644.9 (52%), 645.9 (16%), 646.9 (3%), 647.9 (1%). 
C46H48N2O   requires   C, 85.7;   H, 7.5;   N, 4.3; Found C, 85.5; H, 7.6; N, 4.4. 𝜆max (toluene/nm) 
397. PLQY (sol., toluene) 44%. CV: E1/2
ox = 0.17 V vs. Fc/ Fc+, E1/2
red = –1.47 V vs. Fc/ Fc+.  
 
Poly[N-4-{bis(4'-(tert-butyl)-[1,1'-biphenyl]-4-yl)aminophenyl}-2,4-divinylcyclopentane-1-
carboxamide] (P1) 
M1 (0.432 g, 0.678 mmol) and freshly distilled tetrahydrofuran (27 mL) were added to a Schlenk 
tube, then freeze pump thawed three times and backfilled with argon. The reaction vessel was covered 
with aluminium foil to protect the contents from light. Grubb’s Third Generation Catalyst (5.78 mg, 
1 mol %) was added to freshly distilled tetrahydrofuran (6 mL) then rapidly added via syringe to the 
stirring reaction mixture under argon. Stirring, under argon, was continued at room temperature for 
45 min followed by quenching with ethyl vinyl ether (3 mL). The solution was concentrated in vacuo 
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until approximately 1 mL of solvent remained, to which ethanol (5 mL) was added, resulting in a 
cream coloured, sticky, gum-like precipitate. This precipitate was collected into a test tube and 
redissolved in tetrahydrofuran (2 mL). Ethanol was added to the solution to reprecipitate the product 
and the mixture was centrifuged at 2000 rpm for 7 minutes. The supernatant was removed and the 
residue was dissolved in dichloromethane (2 mL) then added dropwise to methanol (20 mL) and the 
precipitate was filtered and washed with methanol (4 × 50 mL) – this process was repeated 2 times, 
yielding a white solid (0.275 g). This solid was dissolved in tetrahydrofuran (4 mL) then loaded onto 
a BIO-RAD SX1 bio-beadsTM column, packed in tetrahydrofuran and wrapped in aluminium foil, and 
eluted with tetrahydrofuran. Solvent was removed in vacuo and the product was dried under vacuum 
overnight at room temperature, before being ground with mortar and pestle, followed by further 
drying overnight under vacuum at 50 °C to yield a grey powder (0.167 g, 39%). λabs (toluene/nm): 
336, 247. λabs (28 nm neat film): 201, sh 243, 330. δH (300 MHz, CD2Cl2): 1.12 – 1.38 (s, br, tbutyl 
CH3), 5.09 – 5.49 (m, br, backbone H), 6.74 – 7.09 (m, br, Ar), 7.15 – 7.48 (m, br, Ar). C48H52N2O 
(repeating unit) requires   C, 85.5;   H, 7.8;   N, 4.2; Found C, 83.4; H, 7.4; N, 4.3. GPC: ?̅?𝑤 = 173931, 
?̅?𝑛  = 101694,  Đ = 3.48. TGA(5%) = 414 °C. DSC: No transitions observed over -50 °C to 200 °C. 
PL: 𝜆max (toluene/nm) 420. PL: 𝜆max (50 nm neat film) 428. PLQY (sol., toluene) 23%. PLQY (50 
nm neat film) 10%. CV: E1/2
ox = 0.29 V vs. Fc/ Fc+, E1/2
red = –2.32 V vs. Fc/ Fc+.  
 
(1S,2R)-N-[4-(Bis{4-(9,9-di-n-propyl-9H-fluoren-2-
yl)phenyl}amino)phenyl]bicyclo[2.2.1]hept-5-ene-2-carboxamide (M2) 
22 (1.01g, 1.27 mmol) was dissolved in chloroform (60 mL) and ethanol (20 mL), to which palladium 
on carbon (0.141 g, 10 % w/w) was added. The mixture was purged with hydrogen gas for 5 minutes 
before being left to stir overnight under hydrogen at room temperature, protected from light. The 
reaction mixture was filtered through a celite plug, and the filtrate was collected and concentrated in 
vacuo to give the amine 23 as green solid (0.830 g) which was used without further purification. 
(1S,4R)-bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (0.148 g, 1.07 mmol) was added to a 
mixture of 23 (0.811 g, 1.072 mmol), N,N-dicyclohexylcarbodiimide (0.442 g, 2.14 mmol), 4-N, N-
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dimethylaminopyridine (0.263 g, 2.14 mmol) and dichloromethane (15 mL) and was stirred for 16 h, 
protected from light, under an argon atmosphere at room temperature. The reaction mixture was 
diluted with dichloromethane (50 mL) and washed with water (3 × 50 mL) then brine (50 mL). The 
organic layer was dried over anhydrous sodium sulfate, then filtered, and the filtrate was concentrated 
in vacuo to afford a brown oil (1.21g). The crude residue was purified by column chromatography 
over silica, eluting with ethyl acetate:light petroleum spirit (0 : 100, 6 : 100, 20 : 100). The product 
was collected as a purple solid (0.311 g) which was further purified by recrystallization in ethyl 
acetate:light petroleum spirit to yield a white solid (0.248 g, 26 %). mp = 185 – 186 °C. IR (cm-1): 
1649, 3264. λabs (CH2Cl2/nm): 289 (log ε/M-1cm-1, 4.57), 305 (4.47, sh), 358 (4.81). δH (500 MHz, 
CD2Cl2): 0.62 – 0.74 (20H, m, Pr CH2 and CH3), 1.38 – 1.43 (2H, m, ring H), 1.75 (1H, d, J = 8.2 Hz, 
ring H), 1.99 – 2.03 (9H, m, Pr CH2 and ring H), 2.16 – 2.19 (1H, m, ring H), 2.96 (1H, s, broad, ring 
H), 3.05 (1H, s, broad, ring H), 6.17 – 6.21 (2H, m, olefinic H), 7.17 (2H, d, J = 8.7 Hz, AA’BB’), 
7.20 (4H, d, J = 8.2 Hz, AA’BB’), 7.27 (1H, s, broad, amide H), 7.29 – 7.35 (4H, m, Fl), 7.38 (2H, d, 
J = 7.3 Hz, Fl), 7.50 (2H, d, J = 8.7 Hz, Fl), 7.58 – 7.61 (8H, m, Ar), 7.72 (2H, d, J = 6.9 Hz, Fl), 7.76 
(2H, d, J = 8.0 Hz, AA’BB’). δC (125 MHz; CD2Cl2): 14.8, 17.8, 31.1, 42.3, 43.3, 46.3, 46.7, 46.7, 
48.0, 55.9, 120.1, 120.4, 121.4, 121.6, 123.5, 124.3, 125.9, 126.1, 127.3, 127.5, 128.3, 136.5, 139.0, 
140.0, 140.6, 141.3, 147.5, 151.5, 152.0, 174.1. MALDI-TOF-MS: Calc. for C64H64N2O [M]
+ = 876.5 
(100%), 877.5 (73%), 878.5 (26%), 879.5 (6%), 880.5 (1%); Found: 876.3 (100%), 877.3 (87%), 
878.4 (42%), 879.4 (12%), 875.4 (4%). C64H64N2O requires: C, 87.6; H, 7.4; N, 3.2; Found C, 87.6, 
H, 7.3, N, 3.2. PL: 𝜆max (toluene/nm) 419, sh 440. PLQY (sol., toluene) 66%. CV: E1/2
ox = 0.17 V vs. 
Fc/ Fc+, E1/2
red = –1.53 V vs. Fc/ Fc+. 
 
Poly[N-4-{bis(4-(9,9-di-n-propyl-9H-fluoren-2-yl)phenyl)amino)phenyl}-2,4-
divinylcyclopentane-1-carboxamide] (P2) 
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M2 (1.47 g, 1.67 mmol) and freshly distilled tetrahydrofuran (50 mL) were added to a Schlenk tube, 
then freeze pump thawed three times and backfilled with argon. The reaction vessel was covered with 
aluminium foil to protect the contents from light. Grubb’s Third Generation catalyst (1.48 mg, 1 mol 
%) was added to freshly distilled tetrahydrofuran (2 mL) then rapidly added via syringe to the stirring 
reaction mixture under argon. Stirring under argon, was continued at room temperature for 1.75 h 
followed by quenching with ethyl vinyl ether (3 mL). The solution was concentrated in vacuo) until 
approximately 30 mL of solvent remained. The solution was pipetted dropwise into a flask of 
methanol (100 mL). The resulting precipitate was collected via filtration, then washed with methanol 
(3 × 50 mL) to yield a pale green solid (1.39 g, 95 %). λabs (toluene/nm): 354, 290. δH (300 MHz, 
CD2Cl2): 0.51 – 0.74 (s br, Pr CH3), 1.80 – 2.04 (m, br, Pr CH2), 5.05 – 559 (m, br, backbone H), 6.87 
– 7.70 (m, br, Ar). C64H64N2O (repeating unit) requires   C, 87.6;   H, 7.4;   N, 3.2; Found C, 86.9; H, 
7.3; N, 3.2. GPC: ?̅?𝑤 = 190255, ?̅?𝑛  = 136793,  Đ = 1.39. TGA(5%) = 430 °C. DSC: No transitions 
observed over -50 °C to 200 °C. PL: 𝜆max (toluene/nm) 437. PL: 𝜆max (40 nm neat film) 443. PLQY 
(sol., toluene) 59%. PLQY (50 nm neat film) 19%. CV: E1/2
ox = 0.25 V vs. Fc/ Fc+, E1/2
red = –3.10 V 
vs. Fc/ Fc+. 
 
(1S, 2R)-N-[4-(Bis{4-[7-(4,4''-bis((2-ethylhexyloxy)-(1,1':3',1''-terphenyl)-5'-yl))-9,9-di-n-
propyl-9H-fluoren-2-yl]phenyl}amino)phenyl]bicyclo[2.2.1]hept-5-ene-2-carboxamide (M3) 
43 (1.25g, 0.713 mmol) was dissolved in chloroform (60 mL) and ethanol (20 mL), to which 
palladium on carbon (0.165 g, 10 % w/w) was added. The mixture was purged with hydrogen for 5 
minutes before being left to stir overnight under hydrogen at room temperature, protected from light. 
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The reaction mixture was filtered through a celite plug, and the filtrate was collected and concentrated 
in vacuo to give the amine 44 as brown solid (1.26 g) which was used without further purification. 
(1S,4R)-Bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (0.00983 g, 0.712 mmol) was added to a 
mixture of 44 (1.240 g, 0.712 mmol), N,N-dicyclohexylcarbodiimide (0.293 g, 1.42 mmol), 4-N,N-
dimethylaminopyridine (0.175 g, 1.42 mmol) and freshly distilled dichloromethane (15 mL). The 
reaction mixture was stirred for 16 h, in the dark, under an argon atmosphere at room temperature. 
The solvent was removed from the reaction mixture in vacuo and the residue dissolved in ethyl acetate 
(150 mL). The organic solution was washed with water (3 × 75 mL) and then brine (100 mL). The 
solution was dried over anhydrous sodium sulfate, filtered, and then the solvent was removed in vacuo 
to give a brown oil. The residue was purified by column chromatography over silica, using an ethyl 
acetate:light petroleum spirit mixture (20 : 100) as eluent to give a yellow solid (0.639 g). This solid 
was further purified using ChromatotronTM chromatography, loading in diethyl ether and using 
eluting with ethyl acetate:light petroleum spirit mixtures (0 : 100, 5 : 95, 10 : 90) as eluent to yield 
M3 as a pale yellow solid (0.450 g, 34%). mp = 147-149 °C. IR (cm-1): 2929, 1509. λabs (CH2Cl2/nm): 
259 sh (log ε/M-1cm-1, 4.90), 285 (5.00), 327 sh (4.76), 366 (4.94). δH (500 MHz, CD2Cl2): 0.70 – 
1.00 (46 H, m, alkyl H), 1.16 (1H, m, ring H), 1.31 – 1.60 (32H, m, alkyl H), 1.73 – 1.82 (5H, m, 
alkyl H), 2.00 – 2.14 (10H, m, alkyl H), 2.18 (1H, m, ring H), 2.97 (1H, broad s, ring H), 3.06 (1H, 
broad s, ring H), 3.93 (8H, d, J = 5.5, EtHex OCH2), 6.20 (2H, m, C=CH), 7.04 (8H, d, J = 7.6, G1 
AA’), 7.18 (2H, d, J = 7.8, triphenylamine AA’), 7.22 (4H, d, J = 7.6, Ar), 7.30 (1H, s, NH), 7.52 
(2H, d, J = 8.0, triphenylamine BB’), 7.63 (8H, m, Ar), 7.69 (8H, d, J = 7.3, G1 BB’), 7.73 (6H, m, J 
= 8.7, Ar), 7.82 (8H, m, Ar). δC (125 MHz; CD2Cl2): 11.5, 14.5, 14.8, 17.9, 23.7, 24.5, 29.7, 31.1, 
40.0, 42.3, 43.3, 46.3, 46.7, 48.0, 56.1, 71.2, 115.4, 120.5, 120.6, 121.5, 121.6, 122.3, 124.3, 124.5, 
124.7, 126.0, 126.1, 126.7, 128.4,128.8, 133.9,134.9,136.1,136.5, 139.0, 140.1, 140.2, 140.7, 140.9, 
142.5, 143.1, 143.9, 147.5, 152.3, 152.4, 160.0, 174.2. MALDI-TOF-MS: Calc. for C132H152N2O5 
[M]+ = 1846.2 (100%), 1847.2 (73%), 1845.2 (69%), 1848.2 (36%), 1849.2 (13%), 1850.2 (4%), 
1851.2 (1%). Found: 1845.8 (100%), 1846.8 (76%), 1844.8 (63%), 1847.8 (36%), 1848.8 (11%), 
1849.8 C132H152N2O5 requires: C, 85.9; H, 8.3; N, 1.5; Found C, 85.3, H, 8.3, N, 1.5. 𝜆max 
(toluene/nm) 426, sh 448. PLQY (sol., toluene) 70%. CV: E1/2
ox = 0.17 V vs. Fc/ Fc+. 
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Poly[N-4-{bis(4-[7-(4,4''-bis((2-ethylhexyloxy)-(1,1':3',1''-terphenyl)-5'-yl)-9,9-di-n-propyl-9H-
fluoren-2-yl)phenyl]amino)phenyl}-2,4-divinylcyclopentane-1-carboxamide] (P3) 
M3 (0.184 g, 0.0996 mmol) and freshly distilled tetrahydrofuran (5 mL) were added to a Schlenk 
tube then freeze pump thawed three times and backfilled with argon. The reaction vessel was covered 
with aluminium foil to protect the contents from light. Grubb’s Third Generation catalyst (4.41 mg, 
5 mol %) was added to freshly distilled tetrahydrofuran (1 mL) then rapidly added via syringe to the 
stirring reaction mixture under argon. Stirring, under argon, was continued at room temperature for 
3.5 h followed by quenching with ethyl vinyl ether (0.5 mL). This solution was pipetted dropwise 
into a flask of methanol (40 mL0. The resulting precipitate was collected via filtration, then washed 
with methanol (5 × 20 mL) to yield a green solid. The solid was redissolved in dichloromethane (5 
mL) then pipetted dropwise into a flask of methanol (40 mL). The resulting precipitate was collected 
via filtration, then washed with methanol (5 × 20 mL) to yield a green solid. The solid was dissolved 
in dichloromethane (5 mL), then the solution was pipetted into a flask of methanol (40 mL). The 
precipitate was filtered, and then washed with methanol (5 × 20 mL).  Complete purification was 
achieved by dissolving the solid in toluene (4 mL) then loading onto a BIO-RAD SX1 bio-beadsTM 
column, packed in toluene and wrapped in aluminium foil, eluting with toluene. Solvent was removed 
in vacuo to yield a green solid (0.120 g, 65 %). λabs (toluene/nm): 369, 289. δH (300 MHz, CD2Cl2): 
0.49 – 0.79 (m, br, alkyl H), 0.81 – 1.00 (m, br, alkyl H), 1.21 – 1.61 (m, br, alkyl H), 1.64 – 1.80 (m, 
br, alkyl H), 1.87 – 2.11 (m, br, alkyl H), 3.79 – 3.94 (m, br, alkyl H), 5.26 – 5.50 (m, br, backbone 
H), 6.91 – 7.27 (m, br, Ar), 7.34 – 7.83 (m, br, Ar). C132H152N2O5 (repeating unit) requires: C, 85.9; 
H, 8.3; N, 1.5; Found: C, 84.7; H, 8.3; N, 1.5. GPC: ?̅?𝑤 = 35157, ?̅?𝑛  = 25121,  Đ = 1.40. TGA(5%) 
= 424 °C. DSC: No transitions observed over -50 °C to 200 °C. PL: 𝜆max (toluene/nm) 440. PL: 𝜆max 
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(41 nm neat film) 446. PLQY (sol., toluene) 58%. PLQY (41 nm neat film) 9%. CV: E1/2
ox = 0.25 V 
vs. Fc/ Fc+, E1/2
red = –2.97 V vs. Fc/ Fc+. 
 
(1S,2R)-N-[4-(Bis{4-(9,9,9',9'-tetrapropyl-9H,9'H-(2,2'-bifluoren)-7-
yl)phenyl}amino)phenyl]bicyclo[2.2.1]hept-5-ene-2-carboxamide (M4) 
45 (1.88g, 1.45 mmol) was dissolved in chloroform (60 mL) and ethanol (20 mL), to which palladium 
on carbon (0.167 g, 10 % w/w) was added. The mixture was purged with hydrogen for 5 min before 
being left to stir overnight under hydrogen at room temperature, protected from light. The reaction 
mixture was filtered through a celite plug, and the filtrate was collected and concentrated in vacuo to 
give the amine 48 as peach solid (2.14 g) which was used without further purification. (1S,4R)-
Bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (0.20 g, 1.45 mmol) was added to a mixture of 48 
(1.84 g, 1.46 mmol), N,N-dicyclohexylcarbodiimide (0.60 g, 2.90 mmol), 4-N,N-
dimethylaminopyridine (0.36 g, 2.90 mmol) and freshly distilled dichloromethane (50 mL). The 
reaction mixture was stirred for 16 h, in the dark, under an argon atmosphere at room temperature, 
then the reaction mixture was diluted with dichloromethane (100 mL). The organic solution was 
washed with water (3 x 100 mL), and then brine (100 mL). The solution was dried over anhydrous 
sodium sulfate, filtered, and then the solvent was removed in vacuo to give a yellow solid. The residue 
was purified by column chromatography over silica, using an ethyl acetate:light petroleum spirit 
mixtures (0 : 100, 10 : 90, 15 : 85) as eluent to afford a yellow solid. This solid was subject to 
recrystallization using a dichloromethane:light petroleum spirits mixture, to give M4 as a pale yellow 
solid (0.445 g). The filtrate of the recrystallization was also collected and the solvent removed in 
vacuo to reclaim the impure material, which was purified by chromatotron chromatography. The 
material was loaded in dichloromethane and elution was performed with dichloromethane:light 
petroleum spirit mixtures (0 :100; 5 : 95; 15 : 185), to yield M4 as a pale yellow solid (0.597 g, 52%). 
mp = 190 – 192°C. IR (cm-1): 2955, 1658. λabs (CH2Cl2/nm): 302 sh (log ε/M-1cm-1, 5.1), 337 sh (9.5), 
369 (1.2). δH (500 MHz, CD2Cl2): 0.65 – 0.80 (40 H, m, CH2CH3), 0.83 – 0.86 (1H, m, ring H), 1.37 
– 1.45 (2H, m, ring H), 1.76 (1H, d, J = 8.3, ring H), 2.00 – 2.13 (16H, m, CH2), 2.16 – 2.20 (1H, m, 
ring H), 6.20 (2H, ddd, J = 3.1, J = 5.5, J = 16.3, C=CH), 7.19 (2H, d, J = 9.0, Ar), 7.22, (4H, d, J = 
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8.6, ArH AA’BB’), 7.28 (1H, broad, s, NH), 7.30 – 7.37 (4H, m, Fl), 7.39 – 7.41 (2H, m, Fl), 7.52 
(2H, d, J = 9.0, Ar AA’BB’), 7.61 – 7.65 (8H, m, Ar), 7.67 – 7.70 (8H, m, Ar), 7.75 (2H, dd, J = 1.2, 
J = 6.3, Fl), 7.79 – 7.83 (6H, m, Ar). δC (125 MHz, CD2Cl2) 14.80, 14.84, 17.8, 17.9, 31.1, 42.3, 
43.3, 43.4, 46.3, 46.7, 48.0, 56.0, 56.1, 120.2, 120.40, 120.43, 120.5, 121.4, 121.6, 121.97, 121.98, 
123.6, 124.3, 126.0, 126.1, 126.6, 126.7, 127.4, 127.6, 128.3, 136.1, 136.5, 139.0, 140.0, 140.3, 140.6, 
140.9, 140.98, 141.02, 141.3, 147.5, 151.6, 152.1, 152.3, 174.1. Orbitrap-MS: Calc. for C102H104N2O 
[M]+ = 1373.8 (100%), 1372.8 (89%), 1374.8 (56%), 1375.8 (21%), 1376.8 (6%), 1377.8 (1%). 
Found: 1372.8 (100%), 1373.8 (98%), 1374.8 (51%), 1371.8 (18%), 1375.8 (17%), 1376.8 (5%), 
1377.8 (2%). C102H104N2O requires: C, 89.2; H, 7.6; N, 2.0; Found: C, 88.5; H, 7.7; N, 1.9. 𝜆max 
(toluene/nm) 423, sh 458. PLQY (sol., toluene) 70%. CV: E1/2
ox = 0.16 V vs. Fc/ Fc+. 
 
Poly[N-{4-(Bis(4-(9,9,9',9'-tetra-n-propyl-9H,9'H-(2,2'-bifluoren)-7-yl)phenyl)amino)phenyl}-
2,4-divinylcyclopentane-1-carboxamide] (P4) 
M4 (0.452 g, 0.329 mmol) and freshly distilled tetrahydrofuran (7.5 mL) were added to a Schlenk 
tube, then freeze pump thawed three times and backfilled with argon. The reaction vessel was covered 
with aluminium foil to protect the contents from light. Grubb’s Third Generation catalyst (1.29 g, 5 
mol %) was added to freshly distilled tetrahydrofuran (0.5 mL) then rapidly added via syringe to the 
stirring reaction mixture under argon. Stirring, under argon, was continued at room temperature for 
1.75 h followed by quenching with ethyl vinyl ether (0.3 mL). The reaction mixture was then pipetted 
into methanol (100 mL). The resultant precipitate was collected via filtration and washed with 
methanol (3 ×10 mL). The solid was redissolved in dichloromethane (25 mL) and pipetted into 
methanol (100 mL), and the precipitate was collected via filtration and washed with methanol (3 ×10 
mL) and dried under high-vacuum to give P4 as a pale yellow-green solid (0.302 g, 68 %). λabs 
(toluene/nm): sh 365, 340. δH (300 MHz, CD2Cl2): 0.49 – 0.83 (m, br, alkyl H), 1.85 – 2.10 (m, br, 
alkyl H), 6.97 - 7.84 (m, br, Ar). C102H104N2O (repeating unit) requires: C, 89.2; H, 7.6; N, 2.0; Found: 
C, 88.7; H, 7.6; N, 2.0. GPC: ?̅?𝑤 = 23719, ?̅?𝑛  = 18328,  Đ = 1.29. TGA(5%) = 433 °C. DSC: No 
transitions observed over -50 °C to 200 °C. PL: 𝜆max (toluene/nm) 441. PL: 𝜆max (25 nm neat film) 
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450. PLQY (sol., toluene) 66%. PLQY (25 nm neat film) 12%. CV: E1/2
ox = 0.23 V vs. Fc/ Fc+, E1/2
red 
= –2.91 V vs. Fc/ Fc+. 
 
5.5 Novel Compounds 
 
4-(9,9-dipropyl-9H-fluoren-2-yl)-N-(4-(9,9-dipropyl-9H-fluoren-2-yl)phenyl)-N-(4-
nitrophenyl)aniline (22) 
A mixture of 17 (12.1 g, 32.2 mmol), 7 (4.08 g, 9.11 mmol), potassium carbonate (25 mL, 2M aq) 
and toluene (75 mL) was degassed via freeze pump thaw cycling three times, prior to the addition of 
tetrakis-(triphenylphosphine)palladium(0) (0.150 g, 0.130 mmol). The reaction mixture was heated 
at 100 °C and left to stir overnight under argon, before being left to cool to room temperature. The 
reaction mixture was diluted with diethyl ether (200 mL) and washed with distilled water (200 mL). 
The organic phase was further washed with distilled water (2 × 100 mL) then brine (100 mL), dried 
over anhydrous magnesium sulfate and filtered. The filtrate was concentrated in vacuo until 
approximately 100mL of solution remained then it was filtered through a celite plug eluting with 
dichloromethane (1000 mL). The solvent was removed from the filtrate in vacuo to afford an orange 
solid (12.3 g) which was purified over silica, eluting with dichloromethane-light petroleum spirit (1 : 
1) to yield 22 as a yellow solid (6.52g, 91%). mp = 269.5 – 270.1 °C. IR (cm-1): 1583 (NO2 stretch).  
λabs (CH2Cl2/nm): 279 (log ε/M-1cm-1, 4.47, sh), 317 (4.63, sh), 343 (4.70), 421 (4.37). δH (500 MHz, 
CD2Cl2): 0.63 – 0.74 (20 H, m, Pr CH2CH2CH3), 1.97 – 2.07 (8 H, m, Pr CH2CH2CH3), 7.09 (2 H, 
d, J = 9.4 Hz, Ar AA’BB’), 7.31 – 7.38, (8H, m, Ar), 7.38 – 7.41 (2H, m, Ar), 7.60 – 7.63 (4 H, m, 
Ar), 7.71 – 7.76 (6 H, m, Ar), 7.79 (2H, d, J = 8.5, Ar), 8.09 (2H, d, J = 9.4, Ar AA’BB’). δC (125 
MHz; CD2Cl2): 14.8, 17.8, 43.3, 55.9, 119.2, 120.3, 120.5, 121.8, 123.6, 125.9, 126.21, 127.24, 127.4, 
127.7, 129.0, 139.4, 139.5, 141.0, 141.1, 141.2, 145.3, 151.6, 152.1, 153.9. Calc. for C56H55N2O2 
[M]+ = 787, [M + Na]+ = 809, [M + K]+ = 825. Found [M]+, [M + Na]+, [M + K]+. C56H55N2O2 
requires: C, 85.46; H, 6.92; N, 3.56, Found: C, 85.2; H, 6.9; N, 3.6. 
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4-[7-(4,4''-bis{[2-ethylhexy])oxy}-{1,1':3',1''-terphenyl}-5'-yl)-9,9-di-n-propyl-9H-fluoren-2-
yl)-N-(4-(7-(4,4''-bis{[2-ethylhexyl])oxy}-{1,1':3',1''-terphenyl}-5'-yl)-9,9-di-n-propyl-9H-
fluoren-2-yl)phenyl)-N-(4-nitrophenyl)aniline (43) 
A mixture of 32 (2.10 g, 2.47 mmol), 7 (0.369 g, 0.823 mmol), potassium carbonate (2 mL, 2M aq) 
and toluene (5 mL) was degassed via freeze pump thaw cycling three times, prior to the addition of 
tetrakis-(triphenylphosphine)palladium (0.142 g, 0.123 mmol). The reaction mixture was heated to 
100°C and left to stir overnight under argon. After cooling to room temperature, the reaction mixture 
was diluted with ethyl acetate (100 mL) and distilled water (100 mL). The organic phase was collected 
and washed with water (3 × 50 mL). The aqueous fractions were pooled and back extracted with ethyl 
acetate (100 mL). Organic fractions were combined and washed with brine (100 mL), dried over 
anhydrous sodium sulfate and filtered. The filtrate was concentrated in vacuo to afford a brown, filmy 
solid (2.16 g) which was purified over silica, eluting with dichloromethane:light petroleum spirit (0 : 
100, 20 : 80, 50 : 50) to yield 43 as a yellow solid (1.25g, 86%). mp = 167.6 – 169.2 °C. IR (cm-1): 
1512 (NO2 stretch).  λabs (CH2Cl2/nm): 282 (log ε/M-1cm-1, 4.96), 332 (4.88, sh), 353 (4.96), 416 
(4.41). δH (500 MHz, CD2Cl2): 0.69 – 0.84 (20 H, m, Pr CH2CH2CH3), 0.91 – 0.98 (24 H, m, alkyl 
H), 1.35 – 1.58 (3? H, m, alkyl H), 1.73 – 1.81 (4 H, m, EtHex OCH2CH), 2.08 – 2.11 (8 H, m, Pr 
CH2CH2CH3), 3.93 (8H, dd, J1 = 5.8, J2 = 1.7, EtHex OCH2), 7.04 (8 H, d, J = 8.8, Ar), 7.11, (2H, d, 
J =9.4, Ar), 7.36 (4H, d, J = 8.6, Ar), 7.64 – 7.86 (30 H, m, Ar), 8.10 (2 H, d, J = 9.2, Ar). δC (125 
MHz; CD2Cl2): 11.5, 14.4, 14.8, 17.9, 23.7, 24.4, 29.7, 31.1, 40.0, 43.3, 56.2, 71.2, 115.4, 119.2, 
120.6, 120.7, 121.9, 122.4, 124.5, 124.7, 126.0, 126.3, 126.8, 127.3, 128.8, 129.0, 133.9, 139.4, 139.6, 
140.7, 140.8, 140.9, 141.0, 142.5, 143.1, 145.3, 152.4, 152.5, 153.9, 159.9. Calc. for C124H142N2O6 
[M]+ = 1756.09 (100%), 1755.08 (71%), 1757.09 (70.5%), 1758.10 (33%), 1759.10 (12%), 1760.10 
(3%), Found: 1755.65 (%), 1754.69 (%), 1756.67 (%), 1757.67 (%), 1758.70 (%). C124H142N2O6 
requires: C, 84.79; H, 8.15; N, 1.59, Found: C, 84.32; H, 8.11; N, 1.54. 
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4,4,5,5-Tetramethyl-2-(9,9,9',9'-tetra-n-propyl-9H,9'H-[2,2'-bifluoren]-7-yl)-1,3,2-
dioxaborolane (46) 
47 (3.70g, 6.57 mmol) was dissolved in freshly distilled tetrahydrofuran (40 mL) then cooled in a dry 
ice/acetone bath before adding n-butyllithium (2.5 M in hexanes, 5.28 mL, 13.2 mmol). The reaction 
was left to stir under argon for 45 min. 2-Iso-propoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.02 
mL, 9.90 mmol) was added, and the reaction was warmed to room temperature, before stirring for a 
further 1.5 h. Distilled water (150 mL) was added to the reaction mixture, which was extracted with 
ethyl acetate (300 mL). The aqueous layer was further extracted with ethyl acetate (3 × 50 mL). The 
organic fractions were combined and washed with brine (100 mL), and then dried over anhydrous 
magnesium sulfate, and then filtered. The filtrate was collected and concentrated in vacuo to yield a 
yellow, translucent solid. This solid was dissolved in dichloromethane (50 mL), and then methanol 
(100 mL) was added to the solution, which was cooled to 0 °C and left for 2 hours. The material had 
not crystallized, so some of the dichloromethane (~15 mL) was removed using rotary evaporation 
and a white solid precipitated out of the solution. The white solid was collected by filtration then 
washed with methanol (4 × 50 mL), and then dried under hi-vacuum pressure to give 46 as a white, 
crystalline solid (2.65 g, 65%). mp = 121 – 123 °C. IR (cm-1) 1352 (B-C) 1080 (B-O). λabs 
(CH2Cl2/nm): 237 sh (log ԑ /M-1cm-1, 4.4), 265 sh (3.8), 277 sh (4.0), 289 sh (4.2), 304 sh (4.4), 336 
(4.8). δH (500 MHz, CD2Cl2): 0.62 – 0.78 (20 H, m, Pr), 1.4 (12 H, broad, s, CH3), 2.0 – 2.1 (8H, m, 
Pr CH2), 7.3 – 7.4 (2H, m, Ar), 7.4 (1H, d, J = 7.3Hz, Ar), 7.6 – 7.7 (4H, m, Ar), 7.7 – 7.8 (6H, m, 
Ar). δC (125 MHz, CD2Cl2): 14.8, 17.8, 25.3, 43.3, 56.0, 84.3, 119.6, 120.20, 120.22, 120.4, 120.9, 
121.98, 122.00, 122.02, 123.6, 126.55, 126.60,127.4, 127.6, 134.2, 140.6, 140.89, 140.96, 140.98, 
141.0, 141.3, 141.6, 144.3, 150.7, 151.6, 152.1, 152.7. Orbitrap-MS: Calc. for C44H53BO2 [M]
+ = 
624.4 (100%), 625.4 (46%), 623.4 (22%), 626.4 (11%), 627.4 (2%). Found: 624.4 (100%), 625.4 
(45%), 623.4 (23%), 626.4 (10%), 627.4 (1%). C44H53BO2 requires: C, 84.6; H, 8.6; Found: C, 85.0; 
H 8.6.  
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4-Nitro-N,N-bis{4-(9,9,9',9'-tetrapropyl-9H,9'H-[2,2'-bifluoren]-7-yl)phenyl}aniline (45) 
46 (2.65 g, 4.24 mmol), 7 (0.761 g, 1.70 mmol), aqueous potassium carbonate (8 mL, 2M), toluene 
(20 mL) and isopropanol (4 mL) were added to a Schlenk tube which was freeze pump-thawed three 
times before backfilling with argon. Tetrakis(triphenylphosphine)-palladium(0) (0.0981 g, 0.0849 
mmol) was added to the reaction mixture, which was stirred vigorously at 100 °C, under argon, for 
20 h. After the reaction mixture was left to cool to room temperature, water (150 mL) and diethyl 
ether (100 mL) were added to the reaction mixture and the layers were separated. The aqueous layer 
was extracted with diethyl ether (100 mL) and the organic fractions were combined, and then washed 
with brine (100 mL), before drying over magnesium sulfate. The solution was filtered, and the filtrate 
concentrated in vacuo to afford an orange solid. The crude adduct was columned over silica, gradient 
eluting with dichloromethane:light petroleum spirits (0 : 100; 25 : 75; 40 : 60; 50 : 50) to afford 45 
as an orange solid, (1.98 g, 91 %). mp = 186 – 189 °C. IR (cm-1): 1509 (N-O), 1495 (N-O), 1464 
(N=O), 1452 (N=O). λmax (CH2Cl2): 342 sh (log10 ε/M-1cm-1, 4.9), 361 (1.0), 424 sh (2.2). δH (500 
MHz, CD2Cl2): 0.64 – 0.84 (40 H, m, CH2CH3), 1.99 – 2.18 (16 H, m, CH2),  7.11 (2H, d, J = 9.2, 
Ar), 7.30 – 7.39 (8H, m, Ar), 7.41 (2H, d, J = 7.3, Ar), 7.62 – 7.72 (12 H, m, Ar), 7.76 (6H, d, J = 8.2, 
Ar), 7.79 – 7.85 (6H, m, Ar), 8.11 (2H, d, J = 8.9, Ar). δC (125 MHz, CD2Cl2): 14.8, 14.9, 43.27, 
43.34, 56.0, 56.1, 120.2, 120.4, 120.6,120.7, 122.0, 123.6, 126.3, 126.6, 127.3, 127.4, 129.0, 139.5, 
140.4, 140.9, 141.3, 145.3, 151.6, 152.1, 152.4, 152.5, 153.9. Orbitrap-MS: Calc. for C94H94N2O2 
[M]+ = 1283.7 (100%), 1282.7 (97%), 1284.7 (52%), 1285.7 (18%), 1286.8 (5%), 1287.7 (1%). 
Found: 1283.7 (100%), 1282.7 (99%), 1284.7 (49%), 1285.7 (4%), 1280.0 (1%). C94H94N2O2 
requires: C, 88.0; H, 7.4; N, 2.2; Found C 87.5, H 7.3, N 2.2. 
 
5.6 Known Compounds 
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4-Nitrotriphenylamine (9) 
Diphenylamine (7.06 g, 41.7mmol) was added to a solution of sodium hydride (60% in oil, 1.60 g, 
66.8 mmol) in dimethyl sulfoxide (80 mL). The solution was stirred at room temperature for 30 
minutes before being cooled to 0 °C. 4-Fluoronitrobenzene (7.06 g, 50.1 mmol) in dimethylsulfoxide 
(40 mL) was added dropwise to the cooled solution. When addition was complete, the mixture was 
stirred at 100 °C for 1h. Then the reaction was cooled to room temperature and poured into a cold 
dilute hydrochloric acid solution. The crude product was diluted with dichloromethane (500 mL) and 
water was added (200 mL). The aqueous layer was back extracted with dichloromethane (2 × 200 
mL) and organic fractions were combined, washed with brine (200 mL), dried over anhydrous 
magnesium sulfate, filtered and concentrated to yield an orange solid (9.02 g). The crude product was 
passed through a silica plug, eluting with dichloromethane before recrystallization using 
dichloromethane and light petroleum spirits to yield compound 9 as orange crystals (7.68 g, 63%). 
The sample had a 1H NMR spectrum in accordance with literature81. MS: Calc. for C18H14N2O2 [M 
+ H]+ = 291.1; Found: [M + H]+.  
 
4-Bromo-N-(4-bromophenyl)-N-(4-nitrophenyl)aniline (7) 
N-bromosuccinimide (14.1 g, 79.3 mmol) was added to a solution of compound 9 (7.68 g, 26.4 mmol) 
in freshly distilled ethyl acetate (9 mL). The reaction mixture was stirred for 3 days, under a nitrogen 
atmosphere, at 60 °C before cooling to room temperature. The reaction mixture was diluted with ethyl 
acetate (100 mL) and washed with water (3 × 200 mL), then brine (200 mL), dried over anhydrous 
magnesium sulfate, and concentrated in vacuo to yield an orange solid, 9.62g. The crude product was 
subjected to a silica plug, eluting with dichloromethane, followed by concentration and 
recrystallization in dichloromethane and light petroleum spirits to yield 7 as an orange solid (7.92g, 
67%). The sample had a 1H NMR spectrum in accordance with literature82. MS: Calc. for 
C18H12N2O2Br2 [M]
+ = 450, 448, 446 in a 1:2:1 ratio; Found [M]+.  
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4'-(Tert-butyl)-N-(4'-(tert-butyl)-[1,1'-biphenyl]-4-yl)-N-(4-nitrophenyl)-[1,1'-biphenyl]-4-
amine (15) 
A mixture of  7 (2.08 g, 4.66 mmol), (4-(tert-butyl)phenyl)boronic acid (2.07 g, 11.6 mmol) and 
cesium carbonate (5.81g, 17.8 mmol) in toluene (20 mL) was degassed via freeze pump thaw cycling, 
prior to the addition of tetrakis-(triphenylphosphine)palladium (0.400 g, 7 mol %). The reaction 
mixture was heated to 100 °C and left to stir for 3 days under argon. After cooling to room 
temperature, reaction mixture was diluted with dichloromethane (200 mL), and then washed with 
water (3 × 200 mL) then brine (200 mL) and dried over anhydrous magnesium sulfate, before 
concentration in vacuo to yield a brown oil (5.68g). The crude product was purified by column 
chromatography on silica, eluting with dichloromethane: light petroleum spirits (0 : 100 to 50 : 50) 
to yield 15 as an orange solid (1.83 g, 71 %).  The sample had a 1H NMR spectrum in accordance 
with the literature83. MS: Calc. for C38H39N2O2 [M]
+ = 555.3; Found [M]+.  
 
 
 
N’,N’-bis(4'-(tert-butyl)-[1,1'-biphenyl]-4-yl)benzene-1,4-diamine (16). 
To a solution of 15 (1.62 g, 2.92 mmol) in ethanol (100mL) was added palladium on carbon (327 mg, 
10% w/w). The reaction mixture was stirred at 65 °C for 1 hour before the dropwise addition of a 
solution of hydrazine monohydrate (3 mL) in ethanol (10 mL) and further stirring at 65°C for 3 hours. 
The still hot reaction mixture was filtered through celite which was washed with hot ethanol (2 × 100 
mL) then chloroform (100 mL). The fractions were pooled and concentrated in vacuo until 
approximately 75 mL of ethanol remained. Water (200 mL) was added to the solution to produce a 
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white precipitate which was filtered and dried under vacuum overnight to yield 15 as a cream-white 
solid (1.29 g, 84%). The sample had a 1H NMR spectrum in accordance with the literature83. MS: 
Calc. for C38H40N2 [M]
+ = 524.3; Found [M]+.83 
 
 
1-Bromo-4-[(2-ethylhexyl)oxy]benzene (38) 
4-Bromophenol (60.25 g, 348.2 mmol) was dissolved in ethanol (370 mL) then sodium hydroxide 
pellets (13.84 g, 0.346 mmol) were slowly added to the solution, which was stirred for 2 hours, under 
a nitrogen atmosphere at 50 °C. 3-(bromoethyl)hexane (42.0 mL, 237 mmol) was added dropwise to 
the reaction mixture which was stirred overnight, under a nitrogen atmosphere at 110 °C. The reaction 
was cooled to room temperature then the solvent was removed in vacuo. The resultant yellow oil was 
dissolved in diethylether (400 mL) and washed with distilled water (3 × 400 mL), and then brine (400 
mL). The organic fraction was dried over anhydrous magnesium sulfate, filtered, and then the solvent 
was removed to give a yellow oil that was used without further purification (43.4 g, 64 %). The 
sample co-chromatographed with an authentic sample and had a 1H NMR spectrum in accordance 
with literature84.  
 
1,3,5-Tribromo-2-iodobenzene  (40) 
2,4,6-Tribromoaniline (32.9 g, 99.8 mmol) and aqueous hydrochloric acid (55 mL, 32%) were mixed 
to form a slurry to which aqueous sodium nitrite (31.0 mL, 3.2 M), that had been chilled to 0 °C on 
an ice-bath, was added dropwise. Stirring was continued for another 30 minutes before filtering of 
the solution into an aqueous solution of potassium iodide (250 mL, 4 M). The solution was stirred 
vigorously for 1 hour at room temperature. Dichloromethane (200 mL) and aqueous ammonium 
sulphite (50 mL, 0.5 M) was added to the reaction mixture. The aqueous layer was separated extracted 
with dichloromethane (3 × 50 mL). The organic fractions were combined and washed with aqueous 
sodium hydroxide (100 mL, 10% w/w) then brine (100 mL) and filtered. The filtrate was concentrated 
in vacuo to afford 18.3 g of rust coloured solid that was used without further purification (42 %). The 
sample co-chromatographed with an authentic sample and had a 1H NMR spectrum in accordance 
with literature85. 
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5'-Bromo-4,4''-bis((2-ethylhexyl)oxy)-1,1':3',1''-terphenyl (41) 
Freshly distilled, dry tetrahydrofuran (3 mL) was syringed into a vessel containing dry magnesium 
flakes (3.95 g, 162.3 mmol) stirring under an argon atmosphere. 38 (46.34 g, 162.3 mmol), in freshly 
distilled dry tetrahydrofuran (50 mL), and then two small iodine pellets, were added to the reaction 
mixture which was subjected to mild heating while stirring under an argon atmosphere. The reaction 
mixture was left to stir overnight, under an argon atmosphere at room temperature. 40 (15.56 g, 35.28 
mmol), in freshly distilled dry tetrahydrofuran (50 mL), was added to the reaction mixture which was 
then stirred for 3 hours, under an argon atmosphere at 60 °C. After cooling to 0 °C on an ice-bath the 
reaction was quenched via the dropwise addition of aqueous hydrochloric acid (300 mL, 3 M). The 
reaction mixture was extracted with dichloromethane (4 × 100 mL) then the organic layers were 
combined, washed with brine (400 mL) and then filtered. The filtrate was concentrated in vacuo to 
yield a brown oil (29.27 g). The crude adduct was purified by column chromatography over silica 
gel, eluting with dichloromethane:light petroleum spirits (1 : 9), to afford a yellow viscous oil (10.88 
g, 60%). The sample co-chromatographed with an authentic sample and had a 1H NMR spectrum in 
accordance with literature86. 
 
[4,4''-Bis({2-ethylhexyl}oxy)-(1,1':3',1''-terphenyl)-5'-yl]boronic acid (42) 
41 (10.60 g, 19.22 mmol) was dissolved in freshly distilled, dry tetrahydrofuran (250 mL) under an 
argon atmosphere. The reaction mixture was cooled to -78 °C before the dropwise addition of n-
butyllithium in cyclohexane (14.42 mL, 2 M). The reaction mixture was stirred for 1 hour 45 minutes, 
under an argon atmosphere at -78 °C, before the addition of tri-isopropyl borate (3.98 g, 21.14 mmol) 
via syringe. The reaction was left to warm to room temperature and stirred overnight under an argon 
atmosphere, at room temperature, then quenched with aqueous hydrochloric acid (200 mL, 3 M). The 
aqueous layer was washed with ethyl acetate (3 × 100 mL) and organic fractions were combined, 
washed with brine then dried over anhydrous magnesium sulfate and filtered. The filtrate was 
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concentrated in vacuo to yield a brown oil (10.88 g) which was used without further purification. The 
sample co-chromatographed with and had identical 1H NMR spectra as an authentic sample. 
 
2-[4,4''-Bis({2-ethylhexyl}oxy)-(1,1':3',1''-terphenyl)-5'-yl]-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (35) 
41 (0.425 g, 0.770 mmol) was dissolved in freshly distilled, dry tetrahydrofuran (3 mL) under an 
argon atmosphere. The reaction mixture was cooled to -78 °C before the dropwise addition of n-
butyllithium in hexanes (1.03 mL, 1.5 M). The reaction mixture was stirred for 1 hour 30 minutes, 
under an argon atmosphere at -78 °C, before the rapid addition of 4,4-5,5-tetramethyl-1,2,3-
dioxaboralane (0.17 g, 0.94 mmol) via syringe. The reaction was left to warm to room temperature 
and stirred overnight under an argon atmosphere, at room temperature, then quenched with water (5 
mL). The aqueous layer was washed with diethyl ether (3 × 50 mL) and organic fractions were 
combined, washed with brine then dried over anhydrous magnesium sulfate and filtered. The filtrate 
was concentrated in vacuo to yield a brown oil (0.432 g). The crude residue was purified by 
ChromatotronTM chromatography, loading in diethyl ether and using eluting with ethyl acetate:light 
petroleum spirit mixtures (0 : 100, 5 : 95, 10 : 90) as eluent to yield 35 as a golden oil (0.311 mg, 
68%). The sample co-chromatographed with an authentic sample and had a 1H NMR spectrum in 
accordance with literature86. 
 
2-bromo-9,9-dipropyl-9H-fluorene (18) 
2-Bromo-9H-fluorene (10.00 g, 40.80 mmol), Tetra-n-butylammonium bromide (1.71 g, 5.30 mmol) 
and toluene (100 mL) were stirred vigorously before the dropwise addition of aqueous sodium 
hydroxide (100 mL, 50% w/w). The reaction mixture was stirred for 45 minutes, under a nitrogen 
atmosphere, at room temperature. 1-bromopropane was added dropwise to the stirring mixture which 
was then left to stir for 2 nights, under a nitrogen atmosphere at 60 °C. The organic layer was collected 
and diluted with diethyl ether (300 mL), then washed with water (3 ×100 mL) and brine (100 mL) 
before filtering. The filtrate was concentrated in vacuo to yield a yellow oil (13.78 g). The crude 
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adduct was purified by column chromatography over silica gel, eluting with light petroleum spirit, to 
afford 18 as white crystals (12.56 g, 93%). The sample co-chromatographed with an authentic sample 
and had a 1H NMR spectrum in accordance with literature87. 
 
2-Bromo-7-iodo-9,9-di-n-propyl-9H-fluorene (34) 
18 (12.56 g, 38.15 mmol), N-iodosuccinimide (9.40 g, 41.8 mmol) and chloroform (300 mL) were 
added to a round bottom flask, then bubbled with argon for 5 minutes before the addition of 
trifluoroacetic acid (11 mL). The reaction mixture was stirred overnight, protected from light, under 
an argon atmosphere at 60 °C, then cooled to room temperature and diluted with chloroform (200 
mL). The mixture was washed sodium metabisulfite (3 × 200 mL, 0.5 M), saturated sodium 
bicarbonate (200 mL) then brine (200 mL) before filtering. The filtrate was concentrated in vacuo to 
yield a peach coloured solid (17.20g) which was recrystallized using dichloromethane and methanol 
to afford 34 as white crystals (12.09 g, 70%). The sample co-chromatographed with an authentic 
sample and had a 1H NMR spectrum in accordance with literature88. 
 
 
7-[3,5-Bis(4-{2-ethylhexyloxy}phenyl)phenyl]-2-bromo-9,9-di-n-propylfluorene (33) 
34 (1.411 g, 3.102 mmol), 35 (2.370 g, 4.467 mmol), aqueous potassium carbonate (8 mL, 2 M) and 
toluene (20 mL) were added to a Schlenk tube which was subjected to three freeze pump thaw cycles 
followed by backfilling with argon. Tetrakis(triphenylphosphine)palladium(0) (0.100 g, 0.0865 
mmol) was added to the reaction mixture which was then stirred for three days, under an argon 
atmosphere at 65 °C. After cooling to room temperature, the mixture was diluted with diethyl ether 
(50 mL) and washed with distilled water (4 × 30 mL) then brine, before drying over anhydrous 
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magnesium sulfate and filtering. The filtrate was concentrated in vacuo to yield a brown oil (3.41 g). 
The crude adduct was purified by column chromatography over silica gel, eluting with 
dichloromethane-light petroleum spirit (20 : 80), to afford 33 as  a clear viscous oil (2.02 g, 82%). 
The sample co-chromatographed with an authentic sample and had a 1H NMR spectrum in accordance 
with literature.31 
 
7-[3,5-Bis(4-{2-ethylhexyloxy}phenyl)phenyl]-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl)-9,9-
di-n-propylfluorene (32) 
33 (2.01 g, 2.47 mmol) was dissolved in freshly distilled, dry tetrahydrofuran (20 mL) under an argon 
atmosphere. The reaction mixture was cooled to -78 °C before the dropwise addition of n-butyllithium 
in cyclohexane (1.85 mL, 2 M). The reaction mixture was stirred for 1 hour 45 minutes, under an 
argon atmosphere at -78 °C before the addition of 2-isopropoxy-4,4,5-trimethyl-1,3,2-dioxaborolane 
(0.505 g, 2.72 mmol) via syringe. The reaction was left to warm to room temperature and stirred 
overnight under an argon atmosphere, at room temperature, then quenched with distilled water (20 
mL) and diluted with ethyl acetate (20 mL). The organic layer was washed with distilled water (3 × 
20 mL) and the aqueous fractions were combined and back extracted with ethyl acetate (50 mL). 
Organic fractions were combined, washed with brine (100 mL) then dried over anhydrous sodium 
sulfate and filtered. The filtrate was concentrated in vacuo to yield 32 as a yellow oil (2.31g) which 
was used without further purification. The sample co-chromatographed with an authentic sample and 
had a 1H NMR spectrum in accordance with literature.31 
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7-bromo-9,9,9',9'-tetra-n-propyl-9H,9'H-2,2'-bifluorene (47) 
34 (5.12 g, 11.2 mmol), 17 (5.08 g, 13.5 mmol), aqueous potassium carbonate (40 mL, 2 M) and 
toluene (100 mL) were added to reaction vessel which was bubbled with argon for 10 minutes before 
the addition of tetrakis(triphenylphosphine)palladium(0) (0.150 g, 1.2 mol %). The reaction was 
stirred, under argon, at 65 °C for 12 hours, and then tert-butyl alcohol was added to the reaction 
mixture. The reaction was left to stir, under argon, at 60 °C for a further 2 days, before cooling to 
room temperature. Water (150 mL) and diethyl ether (300 mL) were added to the reaction mixture 
and the organic layer was collected and washed with water (100 mL), and then brine (150 mL). The 
solution was dried over magnesium sulfate, filtered, and then the solvent was removed in vacuo to 
give a yellow oil (11.3 g). The crude product was columned over silica, eluting with a 
dichloromethane:petroleum spirits mixture (50 : 50), to yield  47 as a white solid (4.07 g, 64%). The 
product co-chromatographed with an authentic sample and had a 1H NMR in accordance with 
literature.10 
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